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PREFACE
This is the Final Report on a program for a " Study to Deter-
mine and Improve Design for Lithium-Doped Solar Cells."
This report was prepared under Contract No. 952555 for Jet
Propulsion Laboratory, Pasadena, California, by the Astro-
Electronics Division of RCA, Princeton, New Jersey. The
preparation of this report is a contractual requirement cover-
ing the period from June 24, 1969 to September 24, 1971. The
work reported here was conducted by the Radiation Effects
Group, Manager, Dr. A.G. Holmes-Siedle. This group is a
part of the Technology Development group, Manager, A.
Aukstikalnis of the Astro-Electronics Division which is located
at the RCA Space Center. The Project Supervisor is Dr. A.G.
Holmes-Siedle and the Project Scientist is Dr. G. J. Brucker.
The Technical Monitor of the program is Mr. Paul Herman
of the Solar Power group, Jet Propulsion Laboratory.
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ABSTRACT
Solar cell experiments show that a single lithium density parameter, the lithium
density gradient which is calculated from non-destructive capacitance measure-
ments, provides the basis, for accurate predictions of lithium cell behavior in a
1-MeV electron environment for fluences ranging between 3 x 1013 e/cm2 and
3 x 1015 e/cm2. The oxygen-rich (quartz-crucible) lithium cell with phosphorus
starting dopant and lithium .gradient between approximately 5 x 1018 and 1. 5 x 1019
cm~4 has been found superior in performance to the commercial lOQ-cm n/p
control cells, giving approximately 10 percent higher initial power under 140
mW/cm2 tungsten illumination. This 10 percent advantage is maintained after
recovery from fluences ranging up to 3 x 1015 e/cm2. Post-recovery stability
of oxygen-rich cells has been satisfactory, an average post-recovery current
drop of approximately 1 mA; (< 2 percent) being observed for 70 crucible cells
after 1 year's equivalent storage time at 80°C. - In contrast the oxygen-lean
(float-zone and Lopex) lithium cells have displayed spotty initial performance
and stability problems at room temperature which prevent them from being com-
petitive at this time. Quantitative relationships between lithium gradient, elec-
tron fluence and performance parameters such as diffusion-length-damage coef-
ficient, open-circuit voltage, cell recovery speed, and maximum power have
been established: recovery speed is linearly proportional to the lithium gradient
and inversely proportional to the 0. 59 power of the fluence; the damage coefficient
immediately after irradiation is proportional to the square root of the lithium
gradient with a logarithmic decrease with increasing fluence; the open-circuit
voltage increases logarithmically with lithium gradient immediately after irra-
diation and after recovery. The activation energies for cell recovery were meas-
ured to be 1. 1 eV and 0. 66 eV for oxygen-rich and oxygen-lean cells, respectively.
The Hall bar measurements show that the simple close-pair vacancy-interstitial
model does not completely describe the dependence of defect introduction on
temperature and resistivity in lithium-containing silicon. The rate of carrier-
removal (£n/£$) gAT measured in the high bombardment temperature limit
on samples of quartz -crucible silicon is limited to a value of 0. 1 cm"1. This
suggests that the lithium combined with oxygen so as to limit the oxygen con-
centration available for A-center formation and the introduction rate of LiOV
center is lower than the A-center introduction rate.
In contrast to this result, the rate of carrier-removal (An/£$) SAT increases
with an increase of lithium concentration in float-zone silicon.
A defect located at « Ec - 0. 12 eV is produced by electron bombardment of
oxygen-lean float-zone silicon of high resistivity (2 x 1014 Li/cm3) at low
temperatures.
Defects located at an energy of « EC - 0.18 eV and Ec - 0.13 eV were measured
in quartz-crucible silicon of moderate resistivity (2 x 1015 Li/cm3) bombarded
by electrons at temperatures from 78°K to 200°K. The annealing processes and
the carrier-removal rates measured at temperatures of 100°K to 200°K on high-
resistivity F. Z. samples suggest that this type of silicon behaves like Q.C. sili-
con. Over a long period of time following bombardment, the results can be ex-
plained as due to a multiple complexing by many lithium ions at a defect center
so as to produce an uncharged complex. Equilibrium and stability of the carrier
density is possible after long term annealing in irradiated quartz-crucible or
lightly doped float-zone silicon.
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SUMMARY
This is the Final Report on a program to study and analyze the action of lithium
in producing a recovery of radiation damage in bulk silicon and silicon solar
cells. This program has technical continuity with the work performed by AED
of RCA for JPL on Contract No. 952555. The goal of this effort was to under-
stand the damage and recovery mechanisms so that an optimum set of design
rules could be specified.
The test vehicles used for this work are (1) a group of solar cells supplied by
JPL, and (2) silicon bars in the "Hall-bar" configuration. The source of
particle irradiation being used is a 1-MeV electron beam produced by the RCA
Laboratories Van de Graaff generator.
The measurements made on bulk silicon samples have provided confirmation of
results observed with solar cells and also some fruitful insights into the proc-
esses occurring in lithium-containing silicon. Some similar qualitative obser-
vations in irradiated bulk silicon and solar cells, where the properties are
caused by carrier-removal and recombination defects respectively, are as
follows:
(1) Recovery time decreases with increasing lithium concentration
(2) Recovery time increases with increasing fluence
(3 ) Recovery time is shorter in oxygen-lean silicon compared to
oxygen-rich silicon
(4) Recovery is stable in oxygen-rich silicon
(5) Recovery is unstable in oxygen-lean silicon under certain
conditions
(6) Activation energy for recovery to occur is the activation energy
for lithium diffusion
(7) Introduction rate of damage is greater in oxygen-lean silicon
compared to oxygen-rich silicon
(8 ) Introduction rate of damage depends on fluence.
The experimental results suggest a radiation damage and annealing model to
explain these results. The model is presented in the conclusions of this report.
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Results of the solar cell experiments show that a single lithium density param-
eter, namely the lithium density gradient which is calculated from non-destruc-
tive capacitance measurements, provides the basis for accurate predictions of
lithium cell behavior in a 1 MeV electron environment for fluences ranging be-
tween 3 x 1013 e/cm2 and 3 x 1015 e/cm2. The oxygen-rich (quartz-crucible)
lithium cell with phosphorus starting dopant and lithium gradient between ap-
proximately 5 x 1018 and 1. 5 x 1019 cm"4 has been found superior in performance
to the commercial 10 £}-cm n/p control cells, giving approximately 10 percent
higher initial power under 140 mW/cm2 tungsten illumination. This 10 percent
advantage is maintained after recovery from fluences ranging up to 3 x 1015
e/cm2. A crucible cell with a lithium gradient of 1 x 1019 cm"4 has sufficient
recovery speed to keep pace with the rate of degradation (flux rate of 3 x 1015
e/cm2/year) provided the cell temperature is above 50°C. Post-recovery stabil-
ity has been satisfactory, an average post-recovery current drop of approximately
1 mA (< 2 percent) being observed for 70 crucible cells after 1 years equivalent
storage time at 80°C. In contrast the oxygen-lean (float-zone and Lopex) lith-
ium cells have displayed spotty initial performance and stability problems at
room temperature which prevent them from being competitive for standard mis-
sions at this time.
Quantitative relationships between lithium gradient, electron fluence and perform-
ance parameters such as diffusion-length-damage coefficient, open-circuit volt-
age, cell recovery speed, and maximum power have been established. These are
summarized in the text in Tables IV and V for oxygen-rich and oxygen-lean cells,
respectively. In both cell types the following dependencies hold: recovery speed
is linearly proportional to the lithium gradient and inversely proportional to the
0. 59 power of the fluence; the damage coefficient immediately after irradiation
is proportional to the square root of the lithium gradient with a logarithmic de-
crease with increasing fluence; the open-circuit voltage increases logarithmically
with lithium gradient immediately after irradiation and after recovery. The ac-
tivation energies for cell recovery were measured to be 1.1 eV and 0.66 eV for
oxygen-rich and oxygen-lean cells, respectively, the values published by Pell for
the diffusion of lithium in silicon. The recovery speeds of oxygen-rich cells at
80°C and 26°C are, respectively, approximately equal to and approximately three
orders of magnitude below the recovery speed of oxygen-lean cells with equal
gradient at 26°C. One exception to this was found in crucible cells with antimony
starting dopant. These cells recovered approximately an order of magnitude
more slowly than all other (phosphorus or arsenic starting dopant) crucible cells,
and thus should be avoided.
Approximate ranges for lithium diffusion schedules (temperatures/times) to
yield cells with high initial performance can be specified (see conclusions ). How-
ever, no unique relationship exists between the lithium density gradient which
determines performance in an electron radiation environment, and lithium dif-
fusion schedule (see Figures 39 and 40). Since ultimately the cell buyer must
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specify his requirements in terms of fabrication parameters, this must be. con-
sidered the most important obstacle to be overcome if the lithium cell is to be-
come economically feasible. . .
The Hall bar measurements show that the simple close-pair vacancy-interstitial
model does not completely describe the dependence of defect introduction on
temperature and resistivity in lithium -containing float-zone silicon. Better
agreement of the .model with experimental results is obtained in samples of lith-
ium-containing quartz -crucible silicon.
The rate of carrier-removal (An/A$) SAT measured in samples of quartz -cru-
cible silicon high bombardment temperatures was limited to a value of 0. 1 cm"1.
These samples were diffused with concentrations of lithium from 2 x 1015 to
3 x 1017 Li/cm3. This suggests that the lithium combined with oxygen so as to
limit the oxygen concentration available for A-center formation and the intro-
duction rate of LiOV center is lower than the A-center introduction rate. This
explanation agrees with the results obtained on high resistivity (10 to 20 ohm/cm)
float-zone silicon (An/£$ = 0.1 cm-1 at saturation).
In contrast to this result, the rate of carrier-removal (An/A$) SAT increases
with an increase of lithium concentration in float-zone silicon. Thus, the LiV
defect dominates the electrical properties of low resistivity float-zone silicon,
and its introduction rate increases as the concentration of lithium increases.
A defect located at« Ec - 0. 12 eV is produced by electron bombardment of oxy-
gen-lean float-zone silicon of high resistivity (2 x 1014 Li/cm3) at low tempera-
tures. The defect survives in modified form at room temperature. This defect
may possibly also be produced in low- resistivity silicon but at a reduced rate,
so that it is undetectable. This particular defect level would not influence the
electrical characteristics of solar cells operating at room-temperature unless
the lithium concentration in the cell was very high.
Defects located at an energy of « Ec - 0. 18 eV and Ec - 0. 13 eV were measured
in quartz -crucible silicon of moderate resistivity (2 x 1015 Li/cm3) bombarded
by electrons at temperatures from 78°K to 200°K. Both of these defects anneal
at room temperature by the interaction of lithium with the defects.
There is no evidence of any dissociation of LiV damage centers during the an-
nealing cycle of the high-resistivity (10 to 20 ohm/cm ) FZ samples at a temper-
ature of 300°K. The damage centers responsible for carrier-removal in high
resistivity FZ silicon are stable, that is, dissociation of damage centers does
not occur; however, a "precipitation like" process which forms neutral com-
plexes of lithium atoms does occur. These properties are in agreement with
the results obtained on QC samples (2) . In addition, the annealing processes
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and the carrier-removal rates measured at temperatures of 100°K to 200°K on
high-resistivity FZ samples suggest that this type of silicon behaves like QC
silicon. It appears that the concentration of oxygen relative to the concentra-
tion of lithium determines the annealing properties. The Hall bar experiments
suggest, in agreement with the conclusions of stability studies on solar cells,
that the lithium concentration can be high (2 x 1016 Li/cm3) in QC silicon with-
out producing unstable defect centers and annealed-defect centers. In contrast
to this, the concentration of lithium in FZ silicon must be limited to a value
less than 1015 Li/cm3 to achieve stability. This lower concentration of lithium
also produces lower carrier-removal rates in Hall samples made from this
type of silicon.
Annealing results obtained on the quartz-crucible Hall bars suggest that several
competing processes take place during the post-bombardment period. The short-
term experimental results cannot be explained on the basis of a single or a double
lithium ion neutralizing a defect. Over a long period of time following bombard-
ment, the results can be explained as due to a multiple complexing by many lith-
ium ions at a defect center so as to produce an uncharged complex. Equilibrium
and stability of the carrier density is possible after long term annealing at 300°K
in irradiated quartz-crucible (^ 2 years) or lightly doped (2 to 5 x 1014 Li/cm3)
float-zone silicon (< 1 year). This is an important conclusion relative to the
question of solar cell stability.
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SECTION I
INTRODUCTION
A. GENERAL
This contract effort represents an experimental investigation of the physi-
cal properties of lithium-containing p-on-n solar cells and bulk silicon samples,
and of the processes which occur in these devices and samples before and after
irradiation. The program objectives were to develop and reduce-to-practice
analytical techniques to characterize the radiation resistance of lithium-doped
solar cells and its dependence on the materials and processes used to fabricate
them. On the basis of this and other data, RCA, Astro-Electronics Division
has determined and recommended an improved design of lithium-doped solar
cells for space use. A previous RCA program (Reference 1) performed for
JPL provided the groundwork for this effort.
B. TECHNICAL APPROACH
This approach to the objectives was based on the irradiation and measure-
ment of the electrical properties of bulk-silicon samples, and government-fur-
nished (GFE)-solar cells. Experiments on bulk samples included Hall and re-
sistivity measurements taken as a function of. (I) bombardment temperature,
(2) resistivity or lithium density, (3) fluence, (4) oxygen concentration, and
(5) annealing time at room temperature. Diffusion-length photovoltaic, and
capacitance measurements on solar cells were made as a function of the same
five parameters as for bulk samples. Stability studies were conducted on solar
cells, which were irradiated and observed for long periods of time. Based on
these results, a set of preliminary design rules and specifications was deter-
mined, and solar cells were procured by JPL in accordance with these rules.
As a check of the validity of the design rules, tests were conducted on this group
of cells and a set of modified design rules was derived.
C. SUMMARY OF PREVIOUS WORK
A brief history is given here of the recent work performed on a preceding
contract (Reference 1) for purposes of continuity and to provide the reader with
a better understanding of the current technical approach, its problems, and
objectives.
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In the work of the past contract, basic material studies and device studies were
pursued in parallel. These studies produced significant advances in the under-
standing of the defect interactions, dynamics, and general properties of lithium
solar cells. The dynamics of lithium in silicon have been studied under condi-
tions analogous to those which would be experienced in a practical lithium solar-
cell array over several years in a high-fluence trapped space-radiation situation,
such as might be encountered near Earth, Jupiter, or other planets.
As a result of this, and the work of other contractors funded by JPL in the 1967-
1969 period, the general level of confidence and knowledge as to what is happen-
ing in lithium cells has increased in many ways.
In the RCA work, tests on GFE cells irradiated to fluences from 1014 to 1016
e/cm2 indicated that, to obtain good long-term stability in cells made from sili-
con of low oxygen content, the lithium density should be made as low as is com-
patible with maximum cell recovery for the fluence applied to the cells. Cells
with high lithium concentration and steep gradients of lithium density near the
junction showed gross lithium motion near the junction over approximately one
year. Cells of this type have redegraded as much as 35 percent eleven months
after bombardment to 1014 e/cm2.
The RCA investigators found that redegradation in power output was due to curve-
shape changes and decreases in open-circuit voltage as well as changes in short-
circuit current. Cells with smaller lithium-density gradient showed better stability
both before bombardment and after bombardment to 1014 e/cm2.
Hall-coefficient and resistivity measurements were used by RCA to investigate
the crystal growth and irradiation-temperature dependence of the introduction
rate and room-temperature annealing of carrier-removal defects in lithium-
doped silicon. Initial resistivity of the quartz-crucible-grown silicon (QC) used
in these studies was 30 ohm-cm and of the float-zone silicon was a 1500 ohm-cm.
The silicon was doped with lithium to a density of 2 x 1016 cm"3. Irradiations
were carried out with 1-MeV electrons at bombardment temperatures ranging
from 79°K to 280° K. Specimens were annealed to 200° K, thereby, separating
intrinsic and impurity defects. Introduction rates of carrier-removal defects
were exponentially dependent on the reciprocal of temperature for both types of
crystal, but the slopes and limiting temperature values differed. The slope of
the carrier-removal rate versus reciprocal temperature curve was 0. 055 eV in
QC silicon and 0. 09 eV in FZ silicon. The temperature-dependence was not
consistent with a simple charge-state-dependent probability of interstitial-va-
cancy dissociation and impurity-vacancy trapping. Carrier concentrations meas-
ured at or near room temperature were increased in FZ silicon, but were de-
creased in QC silicon by isothermal annealing at room temperature. QC sil-
icon samples annealed to 373°K for 10 minutes exhibited complete recovery
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of mobility. Complete recovery of mobility in float-zone refined silicon took
place in an annealing time £ 17 hours at room temperature. Both of these re-
covery times are in agreement with the recovery times measured on solar cells
made from these types of silicon and comparable lithium concentrations. The
time constant of the annealing kinetics at room temperature is consistent with
the smaller lithium diffusion constant observed in oxygen-rich silicon compared
to the lithium diffusion constant in oxygen-lean silicon. The mechanism of room-
temperature annealing is attributed to neutralization of carrier-removal defects
by lithium interaction in QC silicon, and by both lithium interaction and defect
dissociation in FZ silicon. Results suggested that a lithium-oxygen-vacancy
complex is produced by radiation in quartz-crucible grown silicon and a lith-
ium-vacancy complex in float-zone refined silicon. The LiO-V defect is tightly
bound compared to the oxygen-free Li-V defect. Measurements of carrier den-
sity as a function of reciprocal temperature located defect-energy levels near
E£-O. 18 eV and EQ-O. 13 eV, in irradiated-crucible silicon. The first defect
level is the A-center and the latter is the reverse annealing center which is
formed at a temperature of 250° K. A defect level located near Ec~0. 08 eV
formed after QC silicon samples were annealed at room temperature and lith-
ium interacted with radiation defects.
At the end of the previous program, the preliminary recommendations for pro-
ducing stable, high-performance, high radiation-resistant lithium cells were:
(1) to fabricate the cells from silicon of moderate resistivity (phosphorus-doped
~ 10 ohm-cm), (2) to diffuse lithium into the cell with a concentration of 3 to
10 x 1014/cm3 located at the edge of the depletion region, and (3) to distribute
the lithium near the junction such that the density gradient is « 1019 cm~4. The
choice of oxygen content would depend on the rate of recovery required by the
space mission in question.
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SECTION II
PARAMETRIC STUDIES OF LITHIUM CELLS
A. GENERAL
Both the initial properties of silicon and the changes which occur in these
properties in a radiation environment are functions of the impurity (donor or
acceptor) density present in the silicon lattice. Consequently, physical param-
eters such as mobility and damage constants are often specified as functions of
this density (or equivalently, as functions of resistivity). In a non-lithium sili-
con solar cell the resistivity is essentially constant throughout the base region.
This enables the physical parameters of non-lithium cells to be specified in
terms of this resistivity. However, in the lithium-containing solar cell the sit-
uation is complicated by the high mobility of the lithium donor ions. This high
mobility in the presence of a p/n junction electric field results in large varia-
tions of lithium density (with respect to the distance from the junction) in the
base region of the cell. These variations extend several micrometers into the
base region, in many cases continuing out to the back contact of the cell. This
situation rendered the specification of a single base density or resistivity mean-
ingless. Consequently, an alternative mode of description for the base density
had to be established. Such a description would ideally involve a minimum num-
ber of easily measurable parameters the knowledge of which would enable pre-
diction of cell behavior in a radiation environment. In the present work a single
descriptive parameter, the lithium donor density gradient, dNL/dw, has been
adopted and has been seen to provide a good basis for such predictions as will
be demonstrated in the following sections.
The principal performance parameters characterizing lithium cell behavior in
a radiation environment are: (1) the initial (pre-irradiation) performance
levels, (2) the rate of cell degradation or damage constant, (3) cell recovery
rate and (4) final photovoltaic performance after recovery from a given fluence.
During the present contract, recovery rate versus lithium gradient relationships
were established for solar cells bombarded by electron fluences from 3 x 1013
to 3 x 1015 e/cm2. In addition, relationships between diffusion-length damage
coefficient, K^, lithium gradient, dNL/dw, and 1-MeV electron fluence, $,
were obtained.
B. LITHIUM GRADIENT
The reasoning which led to the adoption of the lithium gradient as the de-
scriptive density parameter is explained with the aid of Figure I which shows
donor density in the base region of the cell versus distance from the junction
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Figure 1. Lithium Donor Density versus Distance from
Junction for Four Typical Cells
for four lithium-containing cells- These density profiles were calculated from
(non-destructive) reverse-bias capacitance measurements (Reference 2) made
prior to cell irradiation. Each cell shows a linear increase in density with dis-
tance from the junction, (i. e., each has a constant density gradient). The grad-
ients in Figure 1 cover only a narrow range from 3. 5 x 1018 to 8. 2 x 1018 cm"4.
However, measurements on over 500 cells have shown that virtually all lithium
cells have linearly-increasing density profiles for gradient values ranging from
1 x 101? to 5 x io19 cm~4, which covers almost the entire range of practical cell
values.
The donor density, ND, at a distance w from the junction is the sum of the back-
ground contribution (usually phosphorus) and the lithium contribution. The ca-
pacitance measurement cannot distinguish between different donor elements so
there is no direct and accurate way to obtain the lithium density component from
this measurement. However, numerous measurements made on n/p and p/n
control cells during the time covered by this contract have shown the non-lithium
cells to have zero gradient. Therefore the entire gradient is due to lithium.
This, together with the constancy of the gradient in the region near the junction
(where most of the light-generated carriers are created) prompted the choice of
the gradient as the prime physical parameter in these investigations.
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C. EXPERIMENTAL PROCEDURE
The lithium-containing p/n solar cells furnished by JPL under this contract
were manufactured by Centralab, Helioteck, and Texas Instruments. In the
cell-codes used in this report the first letter represents the manufacturer,
designated C, H, and T, respectively. Seventy commercial-grade, 10 £}-cm
n/p cells manufactured by Centralab were also furnished. These cells, .desig-
nated by the letter D, provided a reference for the lithium cell performance;
they were irradiated and measured with the lithium cells.
Prior to irradiation, measurements of photovoltaic current-voltage character-
istic under 140 mW/cm2 tungsten illumination and reverse-bias capacitance
characteristic were made on all cells. Minority-carrier diffusion-length meas-
urements (Reference 2) were made on selected cells. The cells were irradi-
ated by 1-MeV electrons from a Van de Graaff generator at a rate of approxi-
mately 4 x lo13 e/cm2-min. All of the oxygen-rich cells and some of the oxygen-
lean cells were irradiated at room temperature. Where damage coefficients and
complete characteristics were to be measured it was necessary to cool the oxygen-
lean cells down to a temperature of 0°C during irradiation to avoid significant
recovery during the irradiation. Reduction of the cell temperature to 0°C re-
duced the cell recovery speed to less than one tenth the room-temperature value,
thereby insuring less than 1 milliamp recovery in short-circuit current during
irradiation. Damage coefficient measurements on the cold finger (Sections V
and VII) indicate no temperature dependence in the range above approximately
150°K. Consequently, the cooling of the cells to 0°C (273°K) during irradiation
should result in the same damage rate as room-temperature irradiation. After
irradiation all cells were stored in dry ice up to the time of the first post-irradi-
ation measurements. Post-irradiation measurements included short-circuit
current and photovoltaic characteristic measured under 140 mW/cm2 tungsten
illumination, and minority-carrier diffusion-length measurements. All meas-
urements were made at a cell temperature of 26° C. The oxygen-lean cells
were stored at 26°C after irradiation, the oxygen-rich cells at 26°C, 80°C or.
90° C.
D. INITIAL CELL PERFORMANCE
In the organization of this report the lithium cells are divided into two
categories: (1) cells received before 1970 (2) cells received in 1970 and 1971.
Two reasons for this separation are (1) the 1970-71 cells generally had higher
initial powers than the pre-1970 cells and (2) the 1970-71 cells were received
after the importance of the lithium gradient was better understood, consequently
reverse-bias capacitance measurements were made on all of these cells where-
as measurements were made only on selected pre-1970 cells. The 1970-71 cells
are discussed in this section; results on pre-1970 lithium cells are reported in
Sections HI and V. .
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The cell lots received in 1970-71 were H1A, H3A, H5A, H7A, H13A1, H13A2,
C10A-F, C11A-D, C13A-J, C14A-D, C15A and C15B. The initial properties
and performance ranges for these cell lots are listed in Table I. For compar-
ison purposes lot D, comprising 20 commercial 10 Q-cm n/p cells, is included
in the last line of the table. The CIO lots are omitted for the table; cells of
these lots were very heavily doped with lithium (dNj/dw ^ 1020 cm~4) and had
relatively poor power due to this unusually heavy doping.
Table I includes twenty-six lithium cell lots, seventeen of which are fabricated
from oxygen-rich (quartz crucible) silicon. A comparison of initial powers
shows the oxygen-rich lots to be generally superior to the oxygen-lean (float-
zone and Lopex) lots. The maximum power for crucible cells (averaged over
the cell lot) varies from 28.3 mW for lot CUB to 33.7 mW for lot C11A, where-
as the averaged maximum power for oxygen-lean cell lots varies from 24. 8 mW
for lot C14A to 31. 5 mW for lot H13A1. All but three of the seventeen crucible
lots have higher averaged maximum power than the value of 29. 3 mW obtained
for the n/p control (lot D) cells. In contrast only two of the nine oxygen-lean
groups have greater than 29.3 mW averaged maximum power. While the physi-
cal reasons for this are not understood it is clear from the empirical data that
 ;
the oxygen-rich lithium cell is highly competitive with the n/p cell in terms of
initial output. This is not generally the case for oxygen-lean lithium cells.
One of the problem areas in lithium cell technology is illustrated in the final
column of Table I which lists the lowest and highest lithium gradients within
each cell lot. In many instances a single cell lot with a single lithium diffusion
schedule displayed large cell-to-cell variations in lithium gradient. The worst
example of this was lot C15B where the most lightly lithium-doped cell had a
gradient of 1.1 x 1018 cm"4 while the most heavily doped cell had a gradient of
7. 6 x io19 cm~4, a spread of a factor of seventy. Eleven of the twenty-six lith-
ium-cell lots had spreads of greater than a factor of ten, and only ten lots had
spreads of less than a factor of three. As will be shown in Section IIF cell re-
covery speed is directly proportional to the lithium gradient. Therefore, any
wide spread in gradient within the cells of a single solar panel could cause mis-
matches in the cell outputs in a radiation environment. (For example, the re-
covery rate in the most lightly doped cells of the panel may not be fast enough
to keep pace with the rate of damage, the result being a loss in buss current.)
Such problems could become significant in a severe radiation environment; re-
covery results suggest that a spread of approximately three in gradient would
generally be tolerable. * This problem will be discussed further in Section V.
* The tolerable spread would naturally depend on several system parameters.
There would be situations (e.g. , panels with non-uniform temperature) where
cells with different densities could advantageously be placed on different por-
tions of the panel. However, these densities should be controllable via the
fabrication process (lithium introduction schedule).
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TABLE I. PROPERTIES AND INITIAL PERFORMANCE OF LITHIUM
CELL LOTS RECEIVED SINCE JANUARY 1970
Cell Lot
H1A
H3A
H5A
H7A
C11A
CUB
cue
C11D
C13A
C13B
C13C
C13D
C13E
C13F
C13G
C13H
C13I
C13J
C14A
C14B
C14C
C14D
C15A
C15B
H13A1
H13A2
D
No. of Cells
10
15
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
30
30
30
30
30
30
28
17
20
Type
p/n,FZ
P/n,QC
p/n,FZ
p/n, FZ
p/n,QC
P/n,QC
p/n,L
P/n,QC
P/n,QC
p/n,QC
P/n,QC
P/n,QC
P/n,QC
P/n,QC
P/n,QC
P/n,QC
P/n,QC
p/n,QC
p/n,L
P/n,QC
p/n,L
P/n,QC
p/n,L
p/n,L
p/n,L
P/n,QC
n/P,QC
Li Diffusion Schedule (Min)
Temp (°C)
325
325
425
425
325
325
325
375
• 330
330
340
340
350
350
360
360
370
370
375
375
350
350
350
350
425
425
Diff. Time
480'
480
60
90
480
480
. 480
180
240
360
180
420
300
300
180
420
240
360
180
180
300
300
240
240
90
90
none
Redist. Time
0
0
120
120
0
0
0 .
0
. 0
0
0.
0
0
0
0
' 0
0
0
0
0
0
0
0
0
120
120
Initial Max. Power ( mW )
High
27.5
33.8
26.5
28.2
36.0
30.0
34.4
33.8
33.0
31.8
33.5
32.8
30.8
30.8
32.5
32.3
31.8
32.0
21.7
32.0
29.5
32.9
30.5
31.1
33.5
31.0
30.5
Low
25.0
27.0
25.0
27.3
32.0
26.8
28.3
29.9
30.4
29.0
31.4
31.1
29.3
29.5
30.1
30.9
27.5
28.2
26.0
22.0
24.1
27.2
22.7
23.8
29.5
27.5
28.2
Average
26.2
29.5
25.7
27.7
33.7
28.3
30.7
31.9
31.9
30.5
32.1
32.0
30.1
29.9
31.5
31.7
29.0
30.8
24.8
28.9
26.3
29.9
27.5
26.9
31.5
29.3
29.3
(1018cm-4)
dNL/dw Range
0 to 1.6
0. 3 to 13
4. 0 to 6. 0
4. 4 to 10
0. 22 to 4. 6
0. 60 to 4. 0
0. 27 to 2. 7
11 to 15
3.3 to 5. 6
1.1 to 8. 2
6.2 to 9.0
0.8 to 7.0
6.0 to 16
' 6. 5 to 14
9.0 to 16
0.65 to 12
3. 7 to 18
0.8 to 14
5.1 to 130
3.6 to 22
1.4 to 86
0.67 to 17
1.3 to 82
1.1 to 76
1.9 to 3.8
0.8 to 3.6
0
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As seen in Table I cell shipment CIS consisted of 10 cell lots, lots C13A through
C13J. To provide additional performance comparisons the ten lots comprising
a total of 100 cells were divided into three batches according to lithium gradient,
without distinctions between lots. The three photovoltaic parameters, maximum
power, Pmax short-circuit current, open-circuit voltage, VOc. are
plotted in Figures 2, 3 and 4, respectively. Batch 1 consisted of 20 cells with
gradient ranging from 0. 65 x 1018 to 3. 3 x 1018 cm-4; batch 2 of 40 cells rang-
ing from 3. 3 x 1018 to 9. 0 x 1018 cm~4; and batch 3 of 40 cells ranging from 9. 0
x 1018 to 1. 6 x 1019 cm-4.
The data points appear along the abscissa at the average value of dNj_/dw for
the batch and the five ordinates represent ( from top to bottom) the highest value,
the values exceeded by 20, 50, and 80 percent of the cells, and the lowest value
of the batch. Equivalent values for a batch of 20 commercial 10 f?-cm n/p ceils
are shown on the left in each figure. The general trends show the power and
short-circuit current to remain approximately constant for the first two batches,
then drop for batch 3, while the open-circuit voltage increases monotonically
with gradient. The maximum power of all lithium batches exceeds that of the
n/p batch, most of this advantage being due to the higher VQC which is due in
turn to the heavier base doping in the lithium cells.
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Figures 5 and 6 give curves of initial short-circuit current plotted against lith-
ium gradient for cells from the most recent shipment. The cells in Figure 5
are quartz-crucible cells, those in Figure 6 are Lopex cells. The data indi-
cates a trend toward lower short-circuit current values for high gradients, how-
ever, the large spread for a given gradient indicates that the gradient alone does
not determine initial cell performance. Other noteworthy items in these figures
(which were also brought out in Table I) are the wide gradient spreads in the
C14 cells, the very narrow spreads in the H13A cells, and the unusually high
performance of the H13A1 (Lopex) cells. The H13A1 cells represented the
highest performance oxygen-lean cell lot received during this contractual effort.
Also worth mentioning is the relatively low open-circuit voltage in the H13A2
cells. The average lithium gradient for these cells was approximately 2 x 1018
cm"4, the average VQC was 576 mV. In comparison the CIS and C14D cells
with comparable gradients had values of approximately 600 mV (see Figure 4).
This difference, which became important in recovered cell performance will be
discussed further in Section IIG.
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E. DAMAGE COEFFICIENT BEFORE RECOVERY
The diffusion-length damage coefficient, KL, is defined by the equation
KL* •= DT - -~i- (i)
where Lo and L are the minority-carrier diffusion lengths before irradiation
and after irradiation, respectively, and $ is the 1 MeV electron fluence. Since
the lithium cell recovers after irradiation the value of L is time dependent. If,
as in these experiments, the damage and recovery stages are separated in time,
it is convenient to characterize cell radiation properties by two damage coeffi-
cients, (1) the damage coefficient before recovery, KL(O), which characterizes
the fully damaged condition, and (2 ) the damage coefficient after completion of
recovery, KL(R). This section deals with the damage coefficient before recov-
ery. The damage coefficient after recovery is discussed in Section IIG.
The damage coefficient before recovery KL(O), is defined by the equation
n-9
where L(O) is the minority-carrier diffusion length immediately after irradia-
tion. In most of the post-irradiation experiments the short-circuit current
rather than the diffusion length was measured as a function of time. Conse-
quently a relationship between short-circuit current and diffusion length was re-
quired to determine the damage coefficients. Such a relationship was established
through simultaneous measurements of short-circuit current and diffusion length*
on a large number of cells. Figure 7 shows a short-circuit current versus diffu-
sion length plot for 100 cells from lot CIS. Thirty of these cells were unirrad-
iated at the time of measurement, the other seventy were at various stages of
recovery after irradiation. The data shows a logarithmic relationship, the best
least-squares fit being obtained with the equation
Isc = 34.41og10L. (3)
Similar relationships were obtained for many other cell lots. In all cases the
coefficient of the right side of the equation was between 34. 0 and 34. 4.
Of the seventy quartz-crucible C13 cells irradiated, seventeen were irradiated
to a fluence of 3 x 1013 e/cm2, nine to 1 x 1014 e/cm2, twenty to 3 x 1014 e/cm2,
eight to 1 x IO15, and sixteen to 3 x 101S e/cm2. The cells were chosen so that
the cells irradiated to 3 x io13 e/cm2, 3 x 1014 e/cm2 and 3 x io15 e/cm2 covered
the widest possible range of lithium gradients. Room-temperature photovoltaic
characteristics measured under 140 mW/cm2 tungsten illumination were taken
on all cells immediately after irradiation. Short-circuit current immediately
after irradiation is plotted in Figure 8 versus lithium gradient, dN£/dw, for
the seventy cells.
The points at each fluence fit well along a straight line within the scatter of the
data, all five lines having approximately the same slope. A best least-squares
fit to the equation
ISC(°) = !A(0) - B Iog10 (IO-18 dNL/dw), (4)
where IA is the short-circuit current at the lithium-gradient value of 1 x io18
cm"4, and B is a coefficient giving the gradient dependence, was calculated for
each fluence. The values of B were found to be 8. 4, 8.7, 8.4, 8. 5 and 8. 9
for $ = 3 x io13, 1 x IO14, 3 x IO14, 1 x IO15, and 3 x IO15 e/cm2, respectively.
* Obtained from measurements using band-gap light that was calibrated with
the electron-voltaic method using 15 different lithium and n/p solar cells.
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n-n
For fluences above 3 x 1013 e/cm2, 1/L(O)2 » 1/Lfo in equation (2) and the
latter term can be dropped with less than 10 percent error. This approxima-
tion, combining equations ( 2 ) , (3 ) , and (4) , and using B = 8.6 in equation (4) ,
gives
KL(0) = 10'
|dNL
dw (5 )
which is valid for all of the fluences employed except $ = 3 x 1013 e/cm2. For
this lowest fluence KL(O) was calculated taking LQ into account,
which is shown in Figure 9, was
The result,
KL(O) = 8.5 x 10-19 (6 )
Thus, at each fluence KL(O) varies with the square root of the lithium gradient.
The gradient dependence of KL(O) was also obtained for several other quartz-
crucible cell groups. The results are shown in Figures 10, ll, and 12. In all
cases good fits to the square-root dependence (straight lines drawn through the
data) were found, with only one experiment (CUB cells, $ = 1 x 1014 e/cm2,
Figure 11) showing a large scatter in the data.
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The separation of the curves in these figures at different fluences suggests a
fluence dependence of Kj_,(O), as does equation 5. The values of KL(O) for a
gradient of 1 x 1018 cm"4, interpolated from the data of Figures 9 through 12,
or calculated from equation 5, are shown in Figure 13 versus 1-MeV electron
fluence. There is a strong fluence dependence in the damage coefficient, KL(O)
which decreases with increasing fluence. This contrasts with the situation in
non-lithium where the damage coefficient is not a function of fluence (i. e., for
$ < 1016 e/cm2). The straight line in Figure 13 represents a best least-squares
fit to the CIS-cell data. It suggests a logarithmic fluence dependence where the
gradient and fluence dependence of KL(O) is given by the equation
KL(O) = 5.3 xi( 18 (1-0.063 Iog10$) (7)
14Most of the data for the other cell lots in the fluence range from 1 x 10 to
3 x 1015 e/cm2 fits well along this line, with the exception of the point for Cll
cells at $ = 3 x io14 e/cm2. For the lowest fluence, 3 x 1013 e/cm2, the C14D
and H13A2 values are approximately 40 percent above the line. The reasons
for this divergence are not understood.
The preceding damage-coefficient data was for quartz-crucible cells. Equival-
ent data for oxygen-lean lithium cells is not as complete because (1) fewer high-
performance oxygen-lean groups have been received, and (2) difficulties were
often encountered in keeping cell temperature below 0°C during the entire irradi-
ation. However, damage coefficients were successfully obtained for C11C cells
and H13A1 cells. These coefficients are plotted versus lithium gradient in Fig-
ure 14 for a fluence of 1 x io~14 e/cm2. The data fits reasonably well the depen-
dence on the square-root of the gradient indicated in the figure which is the same
dependence that was deduced for the crucible cells.
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The very narrow gradient spread in lot H13A1 (see Table I) precluded the meas-
urement of gradient dependence within this lot but provided a good basis for
measurement of fluence dependence of KL(O ) for a (nearly) constant gradient.
The twenty-eight cells of this lot were divided into groups of 9, 9, and 10 cells
each which were irradiated to fluences of 3 x 1013, 1 x 1014 and 3 x 1014 e/cm2,
respectively. The lithium gradients averaged over each group were 2. 7 x 1018,
2. 8 x 1018, and 3. 2 x 1018 cm~4; the averaged KO) values were calculated to
LU
be 2. 30 x io~9, 1. 90 x 10~9 and 1.45 x 10~9 e'1, respectively. These KL(O)
values, normalized to a gradient value of 3 x 1018 cm"4 through use of the square-
root gradient dependence, are plotted versus fluence in Figure 15. The data
fits well along the straight line representing a fluence dependence of the form
(1-0 . 063 Iog10<|>). This is the same fluence dependence obtained for the quartz-
crucible CIS cells. Combining the fluence and lithium gradient dependencies,
KL(0) w 9 xiO-18 (dNL/dw)1/2 (1 - 0.063 Iog10*), (8)
for the oxygen-lean cells, which is 1.7 times the value for quartz-crucible cells
(see equation 7 )„
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It should be stated that equation (8) , while valid for the cells tested, is based on
relatively few measurements. Thus its general applicability to oxygen-lean cells
must be tested for a wider variety of such cells. Equation (7 ) , on the other hand,
was found to be approximately correct for all but one of a large number of quartz-
crucible cell groups for fluences ranging upward from 1 x 1014 e/cm2 and can
therefore be used with greater confidence of general applicability. As the scatter
in data indicates (Figures 9 to 12 and 14), both equations give approximations
for KL which can be off by as much as 50 percent for a given cell. This does
not negate their value; uncertainties of almost equal magnitude appear in results
on non-lithium cells.
F. RECOVERY CHARACTERISTICS
Short-circuit current is plotted versus time in Figure 16 for quartz-cru-
cible cell C13E18 during recovery at 80° C. This figure illustrates the shape of
a typical lithium-cell recovery curve where the recovery rate, dl/dt, is highest
at zero time then decreases to dl/dt = 0 at the completion of the recovery stage.
It is usually more instructive to plot current on a logarithmic time scale (Ref-
erence 4) as shown in Figure 17. This expands and enables closer examination
of the early phase of recovery. (The scale compression at long times also en-
ables the plot to be carried out further in time.)
The time to half recovery, p, illustrated in Figure 17, is defined by the equa-
tion and condition
i sc(R)- isc( t )
 at
ISC<R)- ISC(O) ° '
where I (O) is the short-circuit current at time O, and I(R) is the short-circuit
current at peak reocvery and Lgc(t) *s the short-circuit current at time t after
bombardment. This time provides the most accurately-defined index of (inverse)
recovery speed since it occurs near the maximum slope of the recovery curve.
In the recovery experiments, short-circuit current plots similar to Figure 17
were obtained for more than 200 lithium cells fabricated from both quartz-cru-
cible silicon and oxygen-lean silicon. The lithium gradients, dNj_/dw, for all
of these cells had been obtained from pre-irradiation capacitance measurements.
Results of recovery experiments on quartz-crucible C13 cells are shown in_Fig-
ure 18, in which Q is plotted versus dNL=dw for cells irradiated to fluences of
3 x 1013, 3 x 1014 and 3 x 1015 e/cm2. The data points on these logarithmic plots
fit well along straight lines with slope of minus one for each fluence. Thus, for
a given fluence the produce 0dNj_/dw is approximately constant, i. e. , the speed
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of short-circuit current is linearly proportional to the lithium gradient. The
separation of the curves at different fluences indicates a dependence of recov-
ery speed on fluence. Figure 19 gives similar plots for quartz-crucible cells
from several different cell lots which recovered at room temperature (the CIS
cells recovered at 80° C). The two lower fluences in Figure 19 are only a fac-
tor of 3 apart (1 x IO14 and 3 x IO14 e/cm2), and the data scatter results in over-
lapping of the points for these fluences. However, as was the case for the Cl3
cells, the average value of gdNi/dw (indicated by the straight lines ) increases
with increasing fluence, being 2.6 x IO20, 4. 6 x IO20, and 1. 8 x IO21 days/cm4
for 1 x io14, 3 x io14, and 3 x IO15 e/cm2, respectively, the fluence dependence
of recovery speed is further indicated in Figure 20 in which the 0dNL/dw prod-
ucts for all seventy irradiated C13 cells are plotted versus fluence at a storage
temperature of 80° C. Here again the scatter in the data results in overlapping
of the ranges of products at any two adjacent fluences. However, a fluence de-^
pendence is evident, and the best least-squares fit to the averages at each fluence
is given by Equation (10).
= 2.9 x IO9 $ 0. 59, (10)
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In spite of the scatter all but one of the seventy data points lie within a factor
of two of this line. Likewise, the data of Figure 19 obtained at a storage temp-
erature of 26°C show a similar fluence dependence, where the best fit is a 0. 57
power dependence on fluence. Fitting to a 0. 59 power dependence the equation
for the cells in Figure 19 is given
9dNL/dw = 1. 5 x 1012$ 0. 59, (11)
which is 520 times the right side of equation (10). This ratio, together with the
two recovery temperatures of 80° and 26° C enable calculation of the recovery
activation energy. This was found to be 1.1.eV, which is the published value
(Reference 5) for lithium diffusion in quartz-crucible silicon. Insertion of this
activation energy into equation (10) results in a relationship between time to
half recovery, 0, lithium gradient, dNL/dw, and cell temperature, T,
(1 28 X 104\;j ) « (12)
which holds for crucible cells for the temperature range between 26°C and-80°C.
Extensive recovery experiments were also performed on oxygen-lean lithium
cells. A large number of oxygen-lean cells from past shipments were irradi-
ated to fluences ranging from 3 x 1013 e/cm2 to 3 x 1015 e/cm2. Cells from
Texas Instruments, Heliotek and Centralab* of both Lopex and Float-zone sili-
con were represented. They included a wide range of diffusion schedules and
initial performance levels.
The values of Q for the Centralab and Heliotek cells are plotted against lithium
density gradient in Figure 21 for three fluences ranging from 3 x 1013 to 3 x 101S
e/cm2. Included are all the Heliotek and Centralab cells tested in this experi-
ment except those of lots C4 and C5 and those with lithium gradients greater
than 1020 cm"4. The points on these logarithmic plots fit well along straight
lines with slopes of minus one indicating a linear relationship between recovery
speed and lithium gradient. There are two cell lots that do not follow these
curves, namely, lots C4 and C5, which recover at a faster rate than the curves
predict. These two lots had already been identified as mavericks (Reference 6,
also Section III), having been shown to suffer open-circuit voltage instability due
to a decrease in lithium gradient with time. In addition, cells with gradients
greater than 1020 cm~4 (C10C and C10F cells) recovered more slowly at low flu-
ence than predicted by the curves. A feasible explanation for this is that the
gradient in these cells is not a good index of the average lithium density near
the junction. The capacitance measurements give evidence of this in the form
* Lots T3, T4, T5, T6, T7, T9, T10, H5, H7, H1A, H5A, H7A,'H( NASA-
furnished in 1967), C4, C5, C8F, ClOC, C10F, and C11C were represented.
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of a leveling off of the lithium density; i. e., a decrease in gradient, at distances
of less than 1 micrometer from the junction. It should be noted that this leveling
off was observed only in cells with dNj^/dw > 1020 cm~4 and in some C4 and C5
cells (see Section III).
A puzzling anomaly was observed in the case of the oxygen-lean T cells which
are represented in Figure 22. While the constancy of the 6dNj_/dw product was
satisfied by these cells at each fluence, the products were approximately an or-
der of magnitude higher than the equivalent products for the Centralab and Heli-
otek cells. This discrepancy, which can be seen by comparing Figure 22 with 21,
is not understood at present. One of the main differences between the manufac-
turers is that the Tl cells have used an evaporated lithium source whereas all of
the oxygen-lean C and H cells in this experiment have used a paint-on source.
It would seem more likely that a difference in silicon type would cause differ-
ences in recovery rate. This would be particularly feasible for Lopex versus
float-zone recovery since the oxygen-content is generally higher in Lopex sili-
con. However, as Figure 21 indicates, the same recovery rate applies for both
Lopex and float-zone C and H cells.
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Fluence dependence of the recovery speed for the Centralab and Heliotek oxy-
gen-lean cells is shown in Figure 23 in which the recovery time-gradient product,
0dN-L/dw is plotted versus fluence. For fluences up to 1 x 1015 e/cm2, this
product has approximately the same form of fluence dependence, namely,
= 2. 0 x 109 $ 0. 59 (13)
as that of the crucible cells. The coefficient of the right side of equation (13)
is a factor of 750 below that of equation (12) which describes the recovery of
crucible cells at room temperature. This is very close to the ratio of 1000 be-
tween the room-temperature lithium diffusion constants in oxygen-lean silicon
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and oxygen-rich silicon (References 5, 7). Above 1 x 1015 e/cm2 the recovery
time increases at a more rapid rate with fluence. It is conjectured that this is
due to severe losses in lithium during irradiation to the high fluence of 3 x 1015
e/cm2.
One final recovery experiment was recently performed on CIS cells from the
latest cell shipment. The experiment was performed to provide another check
on previous data, the CIS (oxygen-lean) cells providing a severe test due to
their wide lithium gradient range (from 1.1 x 1018 to 8. 2 x 1019 cm"4). Twenty-
one cells were irradiated to a fluence of 3 x 1014 e/cm2 and recovery curves
were measured. The results are shown in Figure 24, in which the linear rela-
tionship between lithium gradient and recovery speed is shown to hold over the
entire gradient range. The GdNi/dw product for these cells was 1.1 x 1018
days/cm4, approximately 50 percent above (and thus in good general agreement
with) the average (Figure 23) for oxygen-lean cells previously tested.
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G. POST-RECOVERY PERFORMANCE
1. Damage Coefficient and Short-Circuit Current
After reaching peak recovery a significant fraction of oxygen-lean cells
experience a loss in short-circuit current (see Section III). This phenomenon,
called redegradation, renders a post-recovery damage coefficient ambiguous
since it would be a function of time. However, in most quartz-crucible lithium
cells the post-recovery current remains relatively stable, and meaningful post-
recovery damage coefficients can be evaluated. These coefficients were calcu-
lated from post-recovery short-circuit current measurements on a group of
curcible cells (the C13 cells). The measurements were made after post-irradi-
ation storage for one month at 80°C followed by four months at 90°C. The re-
covery times for most of the cells were a small fraction of this storage time,
so the values reflect the long-term behavior of the cells.
The damage coefficient after recovery Ki_,(R), is defined by the equation
K L ( R ) $ = 1 l (14)
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where L(R) is the diffusion length after recovery. It was calculated from the
short-circuit current measurements and equation (3). Results for the C13 cells
irradiated to fluences of 3 x 1013, 3 x 1014, and 3 x 1015 e/cm2 are shown in Fig-
ure 25 where KL(R) is plotted versus lithium gradient. The values for cells ir-
radiated to 3 x 1013 e/cm2 vary approximately as the square root of the lithium
gradient. As the fluence increases the scatter in the data increases and the
gradient dependence becomes weaker until a fluence of 3 x 1015 e/cm2 is attained
when there is no discernible gradient dependence.
This is further illustrated in Figure 26 in which the short-circuit currents are
plotted versus gradient. The current values after recovery from 3 x 1015 e/cm2
show very little gradient dependence while those at the lower fluences show sub-
stantial increases with decreasing gradient. Final short-circuit current values
(after post-irradiation storage for five days at 90°C) measured for irradiated
n/p control cells are also shown in Figure 26. For each fluence the values lie
within the range of the recovered CIS-cell values. Thus the post-recovery short-
circuit current values for high quality quartz-crucible lithium cells are compar-
able to those for commercial 10 O-cm n/p cells irradiated by 1-MeV electrons
to the same fluence.
10-9
UJ
5 icr10
u_
u_
LLJ
O
O
LU
icr
C13 CELLS
I '
• 3x 1013e/cm2
O 3x 1014e/cm2
A 3 x 1015 e/cm2
1017 1019 102°
LITHIUM DONOR DENSITY GRADIENT, dN|_/dw (cm~4)
Figure 25. Diffusion-Length Damage Coefficient after Recovery vs
Lithium Gradient for C13 Cells
11-26
75
_ 70
<
CJ
W 65
CC 60
cr
•D
O
5.-
o
cc
o
QC
OI
to
50
45
40
1 1—i—r i i I i | 1 1—i—I i I I
f"* 3x 1013e/cm2
C13 CELLS <t> = < O 3 x 1014e/cm2
l& 3 x 1015e/cm2
n/p (3x 1013)
— >n/p (3 x 1014)
0
o o ©
(3 x 1015)
1018
LITHIUM DONOR DENSITY GRADIENT, dNi_/dw
102°
Figure 26. Short-Circuit Current after Recovery vs Lithium
Gradient for C13 Cells with Comparisons to
10 fi-cm Commercial n/p Cells
The degree of cell recovery can be obtained through comparisons of KL(R) and
KL(O). After recovery from bombardment by 3 x 1013 e/cm2, the damage coef-
ficient is given by -
K L (R) = 8 x l(T20 (dNL/dw)1/2 (15)
which is approximately one tenth of K L ( O ) at this fluence (Figure 9). For cells
irradiated to 3 x 1014 e/cm2, K L ( R ) ~ 6 x 10~U e"1 and KL(O) « 5 x 10~10 for a
gradient of 1018 cm"4. Thus for cells irradiated to fluences < 3 x 1014 e/cm2,
KL(R) /KL(O) ^ O. I; i. e., approximately nine tenths of the effective damage
centers are annealed out during recovery. For cells irradiated to 3 x 1015
e/cm2 K L ( R ) fa 5 x 10"11 e"1 for all gradients while the KL(O) values are ap-
proximately 5 x 10~10 e-1 and 1.6 x 10-10 e"1 for gradients of 1 x 1019 cm~4 and
1 x 1018 cm~4 , respectively. Thus for this fluence, nine-tenths recovery occurs
in only the high gradient (~ 1019 cm"4) lithium cells, while for the cells with
gradient (~ 1018 cm"4), KL(R) /KL(O) « 0.3, that is only seven tenths recovery
occurs.
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2. Open-Circuit Voltage
Open-circuit voltage after recovery, VQC» is plotted against lithium gra-
dient for CIS cells in Figure 27 together with the values obtained for the n/p con-
trol cells. Similar data is plotted for C14D (quartz-crucible) cells in Figure 28.
These two figures are highly significant in that they show (1) that the advantage
the lithium cells hold over the 10 Q.-cm n/p cells is in open-circuit voltage, as
was the case in pre-irradiation comparisons (Figure 4), and (2) that as fluence
increases the dependence of recovered open-circuit voltage on lithium gradient
becomes increasingly pronounced. After recovery from fluences of 3 x 1013 and
3 x 1014 e/cm2, the lithium cells have open-circuit voltages averaging approxi-
mately 40 mV above the n/p cell values. After recovery from 3 x 1015 e/cm2
only the high gradient (> 1019 cm~ 4) cells maintain this advantage. The data
indicates approximately 20 and 25 mV increases in VQC Per decade of lithium
gradient after recovery from 3 x 1013 and 3 x 1014 e/cm2, respectively. How-
ever, after recovery from 3 x 1015 e/cm2, VQC increases with lithium gradient
at a rate of approximately 50 mV per decade for both C13 cells and C14D cells
indicating a stronger gradient dependence at high fluence. This strong gradient
dependence is highly important to cell performance. It (together with the low
degree of short-circuit current recovery) indicates very significant lithium
donor density losses in the lightly doped cells at high fluence.
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3. Maximum Power
Maximum power after recovery is plotted versus lithium gradient for C13
cells and C14D cells in Figures 29 and 30, respectively. Equivalent values for
n/p control cells are also indicated. These plots show that for low and interme-
diate fluences (3 x 1013 and 3 x 1014 e/cm2) there is no uniform trend in maximum
power as a function of lithium gradient. However, a slight trend toward lower
power for gradients above approximately 5 x 1018 cm 4 in the C13 cells, and a
stronger trend in the C14D cells, can be seen. This is partly due to the higher
damage coefficients in the high-gradient cells (Figure 25) and partly due to their
lower initial performance (Figure 2). However, at the highest fluence of 3 x 1015
e/cm2 the open-circuit voltage effect (Figures 27 and 28) comes strongly into
play and a significant trend toward higher power at higher lithium gradients be-
comes evident. Not much power difference is seen on the average between
4 x 1018 cm"4 and the highest gradient (again, partly due to the higher initial
powers of the cells in the gradient range from about 4 x 1018 to 7 x 1018 cm"4).
However, cells with gradients below 4 x I018-cm~4 have significantly lower power.
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After recovery from 3 x 1013 e/cm2 all but five of the twenty-two CIS. and C14D
cells have higher power than the highest n/p cell. The averaged maximum
power for the lithium cells is 28. 8 mW approximately 8 percent higher than the
26.8 mW for the n/p cells. After recovery from bombardment by 3 x 1014 e/cm2,
all twenty-nine of the lithium cells have higher power than the highest n/p cell
and their averaged maximum power is 24. 4 mW, which is 14 percent better than
the 21. 3 mW for the n/p cells. After recovery from 3 x 1015 e/cm2 all sixteen
lithium cells with gradient above 4 x 1018 cm"4 have higher power than the high-
est n/p cell. The averaged maximum power for these sixteen lithium cells is
17.4 mW which is approximately 10 percent above the 15.8 mW for the n/p cells.
However, of the nine lithium cells with gradients below 4 x 1018 cm"4, only three
have higher power than the highest n/p cell. The other six all have powers be-
low the lowest n/p cell. It is clear from these results that higher lithium gra-
dients are required in a heavy radiation environment. (Certainly above 4 x 1018
cm~4 but, to be safer, above 1 x 1019 cm"4.) For a light to moderate environ-
ment (up to a fluence of 1014 e/cm2), gradients in the range between about
3 x 1018 and 7 x 1018 cm"4 are near optimum due to their higher initial performance.
The H13A2 (crucible) cells were irradiated with the C14D cells. Post-recovery
performance of the H13A2 cells was disappointing in view of their good initial
performance. Comparison of the current-voltage characteristics of the H13A2
cell with those of the C13 and C14D cells led to the discovery that the basic dif-
ference is in open-circuit voltage. The H13A2 cells had lithium gradients near
2 x 1018 cm"4 and initial open-circuit voltages between 570 and 580 mV. The
C14D cells with gradients near 2 x 1018 cm"4 had initial values between 580 and
597 mV; the CIS cells, between 589 and 610 mV (see Figure 4). The C14D
cells also had lower VQC values after recovery from irradiation, and the result
was lower maximum power. After recovery from bombardment by 3 x 1013,
3 x 1014, and 3 x 101S e/cm2, the maximum powers averaged over the cells at
each fluence were 26. 9 mW, 22. 6 mW and 13. 9 mW, respectively. It is con-
jectured that this difference in VQC between the H13A2 cells and the C14D and
CIS cells with similar gradients could be due to the differences in lithium diffu-
sion schedules. The C14D and C13 cells used a straight diffusion with no redis-
tribution whereas the H13A2 cells received a diffusion followed by a redistribu-
tion (Table I). The redistribution has been shown (Reference 8) to reduce the
lithium density near the back contact. Such a reduction could be responsible for
the lower voltage in the H13A2 cells.
The Lopex cells of lot H13A1 were irradiated to one of three fluences 3 x lo13
e/cm2, 1 x 1014 e/cm2 or 3 x 1014 e/cm2. As noted previously these cells had
very high initial performance with a narrow lithium gradient distribution cen-
tered about 2 x io18 cm"4. Detailed recovery characteristics were not measured
on these cells, however their photovoltaic characteristics were measured after
50 days storage at room temperature which results on previous results have
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shown to be near the time of peak recovery. The photovoltaic measurements in-
dicate maximum powers of 28. 9, 27. 5 and 25.1 mW for cells irradiated to
3 x 1013, 1 x 1014, and 3 x 1014 e/cm2 respectively. These values were obtained
by averaging over groups of nine, nine, and ten cells, respectively.
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SECTION III
LITHIUM CELL STABILITY
A. GENERAL
One of the problems with lithium cells has been their tendency to experience
power losses after reaching peak recovery. This phenomenon, which has been
named redegradation, was observed early in experiments on lithium cells
(Reference 9) and has since been related to several separate physical phenomena
(References 6 and 10) including decrease in short-circuit current, decrease in
open-circuit voltage, increase in series resistance, and degradation of junction
characteristics. This section gives results of long-term performance and
stability measurements on both quartz-crucible and oxygen-lean lithium cells
and discusses specific modes of cell instability in relation to the physical pro-
cesses occurring in the cell.
B. PRE-1970 LITHIUM CELLS
Long-term performance and stability experiments were conducted on a
large number of lithium-containing solar ceils furnished by JPL under the pres-
ent contract and previous JPL Contract No. 952249. These cells, manufactured
by Centralab, Heliotek, and Texas Instruments, and some 10 ohm-cm commer-
cial n/p cells were irradiated by 1-MeV electrons from a Van de Graaf generator
at a rate of »4 x 1013 e/cm2-min to one of the following fluences: 1 x 1014, 3 x 1014,
^5 x 1014*, or 3 x 1015 e/cm2. The cells were stored in the dark at room temp-
erature and all irradiations were performed at room temperature. Measurements
of cell photovoltaic characteristics have been made periodically with illumination
by a 140 mW/cm2 tungsten light source with long term reproducibility within 2
percent. Test durations range up to 1023 days after irradiation.
Performance levels of quartz-crucible and oxygen-lean lithium cells are given
in Tables II and III, respectively. Each table is divided into three parts re-
presenting cells irradiated to low, intermediate, and high fluences. In the
first column of Tables II and III cell groups are listed. The letter and first
number represent the cell lot to which the group belongs. The number in
parenthesis is the designation given when the cells were divided into groups for
irradiation. In Table HI, F and L refer to float-zone and Lopex, respectively.
The second column lists the number of cells in the group. Table II also lists
the initial n-type dopant; the oxygen-lean cells (Table III) all had phosphorus
*In one such irradiation, the cells were erroneously exposed to 8 x 1014 e/cm2
of »0.7 MeV electrons.
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TABLE II. PROPERTIES AND PERFORMANCE OF PRE-1970 CRUCIBLE-
GROWN LITHIUM CELLS AND COMPARISONS WITH COMMERCIAL
10 ohm-cm n/p CELLS
Cell Group No. ofCells Dopant
dN /dw
-4(cm )
Cell Power (mW)
Initial
Li cell n/p
After Irrad.
Li cell n/p
Latest Reading
Li cell n/p
T.A.B.
(days)
1 . c\
(A) Low Fluence, 1 x 10 e/cm
C2(l)
Cl( l )
H2 (1)
HI (1)
5
7
9
8
Sb
As
P
As
IxlO18
1X1018
IxlO19
2X1019
30.3
30.3
26.0
21.7
28.1
28.1
28.1
28.1
17.9
18.6
17.0
15.7
21.3
21.3
21.3
21.3
22.5
25.0
23.6
20.2
23.3
23.3
23.3
23.3
1023
1023
551
551
14 2(B) Intermediate Fluence, 3 to 5 x 10 e/cm
C2 (2)
C6A (1)
C6B (1)
C6C (1)
C5 (5)
*C1 (2)
T8 (1)
H2 (2)
H6 (1)
*H1 (2)
C5(l)
2
3
3
3
3
2
3
2
3
2
3
Sb
Sb
Sb
P
P
As
P
P
P
As
P
IxlO18
IxlO18
IxlO18
IxlO18
IxlO18
IxlO18
IxlO19
IxlO19
IxlO19
2xl019
5xl019
30.3
28.2
29.3
28.1
30.9
31.8
26.1
24.3
24.7
17.4
25.0
27.7
28.2
28.2
28.2
28.2
28.4
28.2
27.7
28.2
28.4
28.2
14.8
15.1
15.7
16.0
16.6
13.8
12.6
13.5
14.0
10.8
13.0
17.7
19.5
19.5
19.5
19.5
16.6
19.5
17.7
19.5
16.6
19.5
15.7
15,5
17.0
17.4
21.8
16.9
20.5
19.8
21.3
15.8
20.7
18.9
20.9
20.9
20.9
20.9
18.9
20.9
18.9
20.9
18.9
20.9
483
266
266
266
740
483
740
957
957
483
266
15 2(C) High Fluence, 3 x 10 e/cm
C2 (3)
C6A (2)
C6B (2)
C6C (2)
C5 (6)
T8 (2)
H6 (2)
H2 (3)
C5 (2)
2
3
3
3
3
3
3
3
3
Sb
Sb
Sb
P
P
P
P
P
P
IxlO18
IxlO18
IxlO18
IxlO18
IxlO18
IxlO19
IxlO19
IxlO19
5xl019
30.1
28.9
28.9
.28.3
28.4
26.1
20.9
25.2
25.1
28.4
28.3
28.3
28.3
28.3
28.3
28.3
28.4
28.3
10.7
9.7
10.1
10.7
11.0
8.5
9.5
9.9
8.2
13.9
14.2
14.2.
14.2
14.2
14.2
14.2
13.9
14.2
10.9
.9.8
10.1
10.7
11.2
12.1
13.4
15.8
15.1
15.6
15.6
15.6
15.6
15.6
15.6
15.6
15.6
15.6
483
266
266
. 266
740
740
740
957
266
T. A.B indicates time after bombardment at latest reading.
* o K 8 x 1014e/cm2 of « 0.7 MeV electrons
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TABLE m. PERFORMANCE, AND STABILITY OF PRE-1970 FLOAT-ZONE
AND LOP EX LITHIUM CELLS
Cell Group No. ofCells
dN /dw
(cm"4)
Cell Power (mW)
Initial After Irrad. Receovered LatestReading
T.A.B."
(Days) % Redegradation
14 2(A) Low Fluence, 1x10 e/cm
C4(9) F
T2 (1)
C4 (17) F
C4 (5) F
C4 (13) F
C4 (1) F
T3 (1) L
4
6
4
4
4
3
3
IxlO18
3xl018
3X1018
2xl019
4xl019
5X1019
2xl02°
21. f
26.8
19.6
17.7
15.0
15.8
*(61.6)
16.6
16.5
16.0
15.3
13.6
14.2
(45.8)
21.1
23.6
19.5
17.4
14.4
15.3
(57.7)
20.0
23.4
18.5
16.0
13.6
14.0
(53.5)
483
549
483
483
483
483
483
5
1
5
8
6
8
(8)
' 14 2(B) Intermediate Fluence 3 to 5x10 e/cm
H5 (1) F
C4 (10) F
C5 (7) F
C4 (18) F
C4 (6) F
H7 (1) L
T6 (1) L
T7 (1)
C4 (14) F
C5 (3) F
C4 (2) F
T9 (1) L
T3 (2) L
T4 (1) F
T5 (1) L
T10 (1) L
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
<io17
181x10
IxlO18
3xl018
2X1019
2xl019
3xl019
3X1019
194x10
4X1019
5X1019
5X1019
202x10
202x10
203x10
3xl02°
28.7
20.3
21.6
20.8
17.5
24.1
26.8
25.2
15.3
17.5
15.8
26.9
*(60.4)
22.9
25.2
22.8
. 12.3
12.1
11.2
12.7
12.1
13.8
12.1
10.8
12.6
13.3
12.2
10.9
(30.5)
15.3
11.4
12.3
13.8
17.9
17.8
19.5
16.7
22.0
21.0
19.4
14.7
16.1
14.8
21.1
(46.7)
19.5
20.5
19.9
13.8
17.6
17.8 '
19.1
15.6
21.1
20.6
18.7
13.9
15.5
13.8
19.1
(42.2)
17.2
18.2
15.9
266
483
266
483
483 -
740
740
266
483
266
483
650
483
740
740
650
0
2
0
2
7
4 ' .. .
•2
4 ,
6 .
4
7
10
(10)
11 ' '
11
20
15 '2(C) High Fluence 3x10 e/cm
T2 (3)
C4 (19) F
C4 (7) F
H7 (2) L
T6 (2) L
T7(2)
C5 (4) F
C4 (15) F
T9 (2) L
C4 (3) F
. T3 (3) L
T10 (2) L
T4 (2) F
T5 (2) L
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3X1018
183x10
2X1019
192x10
193x10
3xl019
3xl019
4xl019
5X1019
195x10
202x10
203x10
3xl02°
4X102°
*(68.8)
20.0
17.7
22.8
*(69.6)
*<70.5)
16.6
15.1
26.6
15.3
23.1
*(56.5)r
22.3
23.4
(31.8)
8.7
8.1
8.5
(24.5)
(25.3)
9.5
9.5 .
6.5
9.1
7.9
- (22.3)
7.9 .
7.5
(49.6)
12.3
14.3
15.5
(49. 7)
_
13.6
13.4
14.5
Kt.4
14.7
(36.2)
13.6
13.5
(49.6)
12.3
14.3
15.5
(49.7)
—
13.6
13.2 •
14.5
12.7
13.9
(34.5)
12.9
12.2
483
483
483
266
266
266
266
. 483
170
483
483
170
266
266
(0)
0
0
0
(0)
(0)
0
1
0
5
6
(5)
5
10
•Numbers in parentheses indiate short circuit current (mA)
5% Pre - Irradiation Degradation
**T. A.B - Time after bombardment to latest reading
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as the initial dopant. A lithium gradient is listed for each cell group. However,
it is usually based on measurements on only one cell of the group and thus is not
necessarily representative of the entire group. Both tables list cell maximum
power (averaged over the cell group) before irradiation, immediately after
irradiation, and at the most recent reading. Table II in addition lists the
corresponding values for similarly irradiated n/p control cells. The final
column in Table III gives the percent degradation of maximum power (in a few
cases, of short-circuit current) from the peak recovered value as of the most
recent reading. No such column appears in Table n since none of these quartz-
crucible groups experienced significant redegradation.
Several of the crucible cell groups had initial powers comparable to or above
the n/p cells (cf, columns 5 and 6) . Immediately after irradiation (columns
7 and 8), the p/n lithium cells show greater damage. This is as expected
since the damage introduction rate in n-type silicon is greater than that in
p-type silicon. Of the four lithium cell groups irradiated to 1 x 1014 e/cm2,
two [Cl (1) and H2(l)] have recovered to powers greater than the recovered
n/p values. Group C2(l) is below the n/p level; however, the C2(l) cells are
still recovering (this was true when this report was finalized) . The C2, C6A,
and C6B cells which were made from silicon doped with antimony have all shown
surprisingly slow recovery suggesting that Sb-doping inhibits the diffusion of
lithium (see also Section V) . Eleven lithium cell groups, irradiated to fluences
of 3 to 5 x 1014 e/cm2, are listed in Table II(b) . The recovery times become
longer with increasing fluences due to the greater loss of lithium during irradi-
ation. Consequently, none of the cell groups with density gradients below 1019
cm"4 have recovered to the n/p power levels. Of the cells which have recovered,
groups H2 (2), H6( l ) , and C5(l) are competitive with the n/p cells. Groups
T8(l) and Cl (2) are not yet competitive but are still recovering (this was true
when this report was finalized) . Of the eleven cell groups irradiated to
3 x 1015 e/cm2, the first five groups with low density gradient (1018 cm ~4 )
have yet to recover. Two groups H2(3), and C5(2), dNL/dW > 1019 cm"4 have
recovered to power levels competitive with the n/p cells. At the present time,
the lithium cell group (from the pre-1970 cells) with the best competitive pos-
ition is group Cl( l ) with an averaged power of 25.0 mW, approximately seven
percent above the recovered n/p level.
The significant degree of post-irradiation recovery observed in the non-lithium
n/p cells is unusual (for room temperature storage) and therefore worthy of
special note. This recovery can be seen by comparing columns 8 and 10 of
Table II. It was observed in all the n/p (lot 1 - Centralab) cells tested, averaging
approximately 8 percent, with most of it occurring in the first ten days after
irradiation. All comparisons with recovered lithium cells (Section IIG) are
based on recovered n/p values.
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Most of the oxygen-lean groups in Table HI had initial powers well below the
n/p values. The post-irradiation values in column 5 do not reflect the total
damage during the irradiation since .they were taken «15 minutes after irradi-
ation ceased, i.e., after «15 minutes recovery time. Column 8 gives the time
after irradiation at the latest reading, and column 9 gives the percent power
(or current) redegradation, measured from the peak recovered value, as of the
latest reading. Cell groups from two cell lots, i.e., T2 and f 7, came labeled
as QC cells. However, both their rapid recovery (~103 faster then QC cells)
and their activation energy for recovery, measured to be «0.66V (see Section V)
indicate that they are actually oxygen-lean cells. From column 7 it is seen that
very few of these lithium cell groups have powers competitive with the n/p con-
trol cells (cf. column 10 of Table-H) . Only groups T2(l) with 23.4 mW (n/p
power =23.3 mW), T6(l), with 20.6 mW (n/p power = 20. 9 mW), and H7(2)
with 15.5 mW (n/p power = 15.6 mW) are competitive with the recovered power
levels of the commercial n/p cells. Column 9 indicates that most of the cell
groups have suffered significant redegradation, with several groups having high
gradients suffering greater than 10 percent power loss.
C. MODES OF INSTABILITY
Several different modes of lithium-cell instability were observed in
oxygen-lean cells. Some were radiation dependent, occurring only in cells
which had recovered from irradiation, others were radiation independent,
occurring equally in irradiated and unirradiated cells.
1. Short-Circuit Current Loss
A radiation-dependent, post-recovery loss in short-circuit current was
the most frequently observed mode of instability. Redegradation via this mode
is especially severe in very high gradient groups (dN^/dW > 5 x 1019 cm~4)
such as T3, T4, T5, T9, T10, and CIO cells where 10 percent current drop was
common after one year's storage time. However, some groups with lower
gradient also suffered significant current redegradation i.e., group H7A(1), a
group from one of the new cell shipments, consisting of 3 cells all with gradients
of 6.5 x 1018 cm~4, suffered approximately 7 percent current redegradation
from 61.7 mA at peak recovery to 57.7 mA three-hundred and forty days after
irradiation.
The measurements to date can identify no parameters which render oxygen-lean
cells immune to this type of current loss. One note of guarded optimism can,
however, be extracted from the data. Figure 31 shows curves of short-circuit
current plotted against time for six cell groups suffering this mode of redegra-
dation. The curves indicate that the most severe losses occur in the first one-,
hundred days. After this period all groups but the very heavily doped (gradient
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TIME AFTER IRRADIATION (DAYS)
Figure 31. Short-Circuit Current vs Time after Irradiation for Six Oxygen-
Lean Cell Groups, (/> = 3 x 1014 e/cm2
~3 x 1020 cm"4) group T10(l) stabilize. In two of these groups, T6(l) and
H 7 ( l ) , the power was still competitive with n/p levels after stabilization.
To establish the cause of this short-circuit current redegradation an experi-
ment was performed on the C10C and C10F cells in which Ig£ and L were both
monitored during the Igc redegradation. The results are shown in Figure 32
which gives the averaged values for two CiOF cells. The coincidence of the
two curves indicates that a loss in diffusion length is the cause for the short-
circuit current redegradation.
2. Open-Circuit Voltage Loss
A second type of instability, a radiation independent degradation in open-
circuit voltage which persists over much longer times (>500 days) was observed
in two cell lots, lots C4 and C5. Open-circuit voltage losses were observed in
equal degrees in both irradiated C4 cells after recovery and in unirradiated C4
cells. These losses have been correlated with carrier losses in the base region
as is seen in Figure 33 which shows the ratio of the lithium density gradients
measured on a given cell at two different times spaced approximately 1 year
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W 70
H
o
>
-, 60
50
40
LU
o 30
20
o
5E
o
 10
S- 'o
AVQ C = 0.0575
I I I
2 3 4 5
DONOR DENSITY RATIO
8 9 1 0
Figure 33. Open-Circuit Voltage Loss in Oxygen-Lean C4 Cells vs Ratio of
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apart plotted versus the open-circuit voltage loss occurring in the cell during
the same one year period. The points lie approximately along a straight line
and provide a reasonably good fit to the equation VQC = 0-057 Iog10 (^/hj),
which gives the difference in VQC f°r ^wo different base doping densities n2 and
nj (Reference 11) . This instability mode was roughly dependent on the initial
lithium gradients. The bottom five points in Figure 33 (smallest VQC loss)
represent cells with initial dNL/dW <1019 cm"4, indicating more severe losses
for higher dNjj/dw. An example of the time dependence of the VQC degradation
is given in Figure 34 in which VQC is plotted against time for four of the most
severely effected cells. The degradation is seen to continue even after «500
days.
A possible reason for the donor loss near the junction is the motion of ions
toward the p- skin under the influence of the p/n junction field. Capacitance
measurements have previously shown that the lithium flows from the base into
the depletion region (Reference 1). The flow rate, F, is given by
dw (16)
UJ
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Figure 34. Open-Circuit Voltage vs Time for Oxygen-Lean C4 Cells During
Period of Voltage Loss
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where /JL and DL are the lithium mobility and diffusion constant, respectively;
and e is the electric field. In the base, beyond the depletion region,
Combining Equations (16) and (17) and using the Einstein relation, the lithium
flow rate (toward the junction) in the base region FB, is given by
The condition for steady flow is that dNL/dw be constant.
Almost all of the lithium cells tested over the past several years have shown
linear density increases (dN^/dw = constant, or d2N/dw2 = 0) in the base
region near the junction. For such cells a steady flow pattern exists (assuming
dDL/dw = 0) , giving a stable lithium density distribution near the junction until
the lithium reservoir near the back of the cell is depleted. Indeed, most of the
lithium cells tested have been stable with respect to open- circuit voltage, which
is the principle density-dependent cell parameter. However, this was not the
case in the C4 cells. A possible reason for this is shown in Figure 35 which
shows density profiles for cell C4-3. The initial profile shows an initial linear
rise in donor density; however, beginning at about 0.7 um the density begins to
level off, i.e., d2NL/dw2 becomes negative. This creates a situation in which
there is a net lithium flow out of the region (dF/dw<0) and toward the junction.
Consequently, a decrease in donor density occurs (with a corresponding loss in
as
 illustrated by the density profile in Figure 35 taken 550 days later.
3. Junction Degradation
Some of the cells experienced degradation of their junction characteristic.
The effect of this phenomenon on a cell photovoltaic characteristic is illustrated
in Figure 36. The cell, T4-13, of group T4(l ) , suffered no short-circuit
current redegradation between May 8, 1970 and August 25, 1971. However, a
significant power loss was incurred due to a degradation in the curve power
factor (rounding of the knee of the I-V curve). This phenomenon has been
observed mainly in cells with very high lithium gradient (^5 x 1019 cm~4) . It
is hypothesized that it is caused by the motion of lithium to regions where the
p/n junction intersects the surface of the cell. This would result in a surface
charge buildup and channeling (Reference 13) of carriers across the charge
layer which would cause the observed degradation.
This type of instability is radiation independent, occurring in both irradiated
and unirradiated cells.
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4. Series Resistance
After heavy irradiation some lithium cells suffer an increase in series
resistance with a consequent loss in curve power factor and cell power. Severe
manifestations of this have been observed only in oxygen-lean cells with light
lithium doping and high starting (phosphorus) resistivity (^50 J2-cm) . Since
lightly-doped non-lithium cells are also subject to this problem it can not be
considered a lithium-cell problem per se. However, caution should be exercised
in choosing initial resistivity and lithium diffusion schedule to insure sufficient
base doping. With very light lithium doping the maximum starting resistivity
consistent with low post-irradiation series resistance is approximately 25fi-cm.
D. QUARTZ-CRUCIBLE CELLS
The lithium diffusion constant and consequently the recovery speed in
quartz-crucible lithium cells is a factor of approximately 1000 below that of
oxygen-lean lithium cells at room temperature. Consequently for equal storage
times at this temperature the quartz crucible cells experience only one-thousandth
the life cycle experienced by oxygen-lean cells with similar lithium gradient.
While equal time/temperature storage is valid for comparisons of absolute
stability (as in Tables n and III), an experiment involving equal life cycles is
valuable in relating the physical processes of the two cell types. The recovery
speed of crucible cells at 80° C approximates that of oxygen-lean cells at room
temperature [ cf. Equations (10) and (13) ]. Thus 80° C crucible-cell storage
versus 25° C oxygen-lean cell storage provides the desired basis for comparison.
In addition, 80° C is typical of maximum solar cell temperature in earth orbit,
so storage at this temperature provides a meaningful test of cell stability in a
typical earth-orbit thermal environment.
Seventy CIS (quartz-crucible) cells were stored after irradiation at 80° C for
one month, then at 90° C for another four months. In terms of the lithium
diffusion constant - time product this is the equivalent of one year at 80° C.
During this time frequent measurements of short-circuit current were made
on all cells* and complete current-time curves were generated. A typical
curve is shown in Figure 37 where short-circuit current for cell C13G20
(fabricated from QC silicon) after irradiation to a fluence of 3 x 1014 e/cm2 is
compared with that averaged over a similarly irradiated group of three H7A
float-zone cells. The measurement temperature, Tjyj, was 26° C. The re-
covery temperature, T^» for the H7A cells was 26° C. The cells had approx-
imately the same lithium gradients and recovery speeds, however, the oxygen-
lean H7A cells show a post-recovery drop of approximately 4 mA whereas no
significant drop occurred in C13G20, which was typical of the CIS cells
irradiated to 3 x 1014 e/cm2.
*The measurements were made at 26° C, the cells being temporarily removed
from the storage oven.
Ill-11.
65
60
UJ
 c cir 55
DC
D
O
3 «o
cr
OIto
45
40
35
1 fl-
3x101 4e/cm2 TM = 26°C
0 C13G20 (CRUCIBLE)
TA = 80°C
dNL/dw = 1.2 x 1019crrT4
• H7A CELLS(F2)
TA = 26°C
dNL/dw = 6.5 x 1018cm-4
I I I I I
IC-1 . 10° 102 . .103
TIME AFTER IRRADIATION (DAYS)
Figure 37. Comparison of Short-Circuit-Current Recovery Curves for a
Crucible Cell at TA = 80° C and a Float-Zone Cell at TA = 26° C
The post-recovery stability of the CIS cells is further illustrated in Figure 38
which gives plots of short-circuit current drop after peak recovery versus 1-MeV
electron fluence. Two curves are given, Curve I representing the worst cell at
each fluence (highest current drop) and Curve II, the average drop for each
fluence. The number of cells at each fluence, as shown in Figure 38, was 17,
9, 20, 8, and 16 cells for fluences of 3 x 1013, 1 x 1014, 3 x 1014, 1 x 1015, and
3 x 1015 e/cm2, respectively. The worst cell and the worst average both
occurred at the lowest fluence being 2.9 mA and 1.35 mA, respectively. There
was a significant fluence dependence, as fluence increased the average drop
decreased. At 3 x 1014 e/cm2 the average drop was down to 0.4 mA (cf. cell
C13G20 in Figure 37 had a 0.5 mA drop) which is within the long-term measure-
ment uncertainty of 2 percent. No trend with lithium gradient was discernible
at any fluence.
These results are not sufficiently comprehensive to warrant firm conclusions.
To justify such conclusions comparative stability results would be required on
several crucible cell groups each having a corresponding oxygen-lean cell group.
However, comparison of the crucible-cell results in Figure 38 with the oxygen-
lean cell results (Figures 31 and 37, and Table III) strongly point toward a
conclusion that for equal life cycles as well as for equal time-temperature
storage the quartz-crucible lithium cell is much more stable than the oxygen-
lean cell.
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SECTION IV
LITHIUM DENSITY CONTROL
A. LITHIUM DIFFUSION SCHEDULE
It is evident from Section II that many of the important characteristics of
lithium cells under electron irradiation can be predicted through knowledge of
the lithium gradient, dNL/dw. The lithium gradient is therefore probably the
most important density parameter in the lithium cell. This being the case, it
is desireable to have a relationship between the gradient and fabrication process
variables- This would enable the cell purchaser to specify the lithium diffusion
schedule to the manufacturer with confidence of receiving cells with the desired
properties. Unfortunately, as had been indicated in Table I (Section II), this
situation does not yet obtain. The fabrication and gradient data from Table I
are plotted in Figures 39 and 40 for quartz-crucible and oxygen-lean lithium
cells, respectively. * Lithium gradient is plotted against lithium diffusion temp-
erature, with the lines indicating the gradient ranges for the cell lots, and the
labels along the lines being the lot code and lithium diffusion time in minutes.
(It is noted that the number of cells per lot vary with cell lot, see Table I.) As-
suming that a gradient range of a factor of three between the high and low values
is acceptable, only six of the sixteen crucible lots in Figure 39 and none of the
oxygen-lean lots in Figure 30 are satisfactory. The following observations on
the crucible data led to the hypothesis that the lithium source was being lost to
some cells at some point in the diffusion: (1) all six of the satisfactory lots
had relatively short diffusion times (^ 300 min), whereas the lots with longer
times gave wider spreads, (2) for a given diffusion temperature the cell lot
with the shorter diffusion time had a gradient distribution near the upper limit
of the distribution of the lot with longer diffusion time, (3) the upper limits of
the gradient ranges (excepting the one Heliotek lot) follow a rather smooth curve
(which increases with temperature, the temperature dependence being the great-
est at low temperature), and (4) lot H3A consisted of fifteen cells, ten of which
used a paint-on lithium source; (5) an evaporated source. The cells using paint-
on source had a broad gradient distribution, spanning the entire H3A range,
whereas the evaporated cells all had gradients of approximately 1 x 1019 cm"4,
near the high end of the range. If the problem is caused by a loss of the lithium
source, improved lithium application techniques could provide the solution. It
would then be possible to obtain a shipment of crucible cells with a given, narrow
gradient distribution by specifying the lithium diffusion schedule.
Cell lots with lithium redistribution cycles are not included.
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All four of the cell lots undergoing a redistribution cycle (H5A, H7A, H13A1,
and H13A2) had reasonably narrow spreads in gradient (see Table I). How-
ever, there might be a reproducibility problem for this mode of lithium intro-
duction as comparison of lots H7A and H13A1 indicates. Both of these oxygen-
lean lots were lithium diffused for 90 minutes and redistributed for 120 minutes
at 425°C. However, the H7A cells had gradients from 4.4 x 1018 to 1. 0 x 1019
cm"4, significantly above the H13A1 values of 1. 9 x 1018 to 3.8 x 1018 cm-4.
Whether this is due to the difference in starting material (FZ for H7A, Lopex
for H13A1) or a reproducibility problem is not known.
B. DENSITY MEASUREMENTS
Reverse-bias capacitance measurements for a minimum of four different
voltage levels are required for the calculation of the lithium gradient. Although
these measurements and the required calculations can be automated it would be
advantageous to have a simpler density test. If a unique relationship between
the lithium gradient and a more easily measured parameter can be established,
the latter will provide a valid density test. Several attempts to find such a re-
lationship with various capacitance parameters were made. The results are
reported below.
1. Single Capacitance Method
Cell capacitance at zero bias, C(0) was plotted against lithium gradient
as shown in Figure 41. Five oxygen-lean cell lots are represented, all having
approximately the same starting resistivity. In the intermediate gradient range
(5 x 1018 ^ dNL/dw < 4 x 1019 cm"4) there is a reasonably firm relationship be-
tween C(0) and the gradient. At high gradients (> 5 x 1019 cm"4) there is a
great deal of scatter, however this is not of great concern since such high-gradi-
ent cells do not appear to be practical. The main problem is for low gradients
where a large offset is seen between the values for the H13A1 cells and those of
all of the C-cells. The capacitance at any bias is a function of the starting re-
sistivity as well as the lithium density since the total donor concentration is
measured. Thus, the separation between the H13A1 data and the C-cell data is
probably because of the slightly higher starting resistivity in the H13A/cells.
Since the lithium density increases with distance into the base region one way to
swamp out the effect of the initial donors (starting resistivity) would be to ex-
tend the depletion region into the base by applying a reverse bias to the cell.
This was done and the capacitance values of the same cells at 4 V reverse bias,
C(4) , are plotted against lithium gradient in Figure 42. Clearly, both the data
scatter at all gradients and the offset of the H13A1 data is reduced from that of
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Figure 41. The same improvement is shown more dramatically in Figure 43
where C(0) and C(7) are plotted against lithium gradient for the H13A2 crucible
cells. These cells had 20 ft -cm nominal starting resistivity. However, it is
evident from the C(0) plots that there were large cell-to-cell deviations in ac-
tual starting resistivity. The C(0) data is totally useless, exhibiting extremely
large scatter. The C(7 ) data, however, is coherent in spite of a still consider-
able degree of scatter.
The zero-bias capacitance measurement is attractive to the cell manufacturer
due to the simplicity of both the measurement and its interpretation. The re-
sults, however, indicate its limited validity. The measurement and interpreta-
tion of a single non-zero-bias capacitance measurement are equally simple, re-
quiring only the addition of a low-voltage supply. In principle, the bias voltage
can be extended to nearly the avalanche voltage, gaining improved coherence
with increasing voltage. Therefore, this approach should be pursued further.
2. Single Density Method
Another approach to simplifying the density test would be to calculate one
density only, for example the donor density at the edge of the depletion region,
NJ-JQ. This also has the inherent problem that the density is composed of both
background donors and lithium donors. It is also more involved than the single
capacitance measurement, requiring two capacitance measurements and a den-
sity calculation. Plots of NDO vs lithium gradient are given for crucible cells
and oxygen-lean cells in Figures 44 and 45 respectively. A fairly well defined
relationship exists in both cases:
NDQ w 1. 1 xio6 (dNL/dw)0 '46 (19)
for crucible cells and
« 1250 (dNL/dw)°-62 (20)
for oxygen-lean cells. However, in both cases data at low gradients diverge
from these relationships. This problem has the same origin as that associated
with the C(0) measurement; namely, difference in starting resistivity. Fig-
ure 45 illustrates this particularly well. The uncircled data points represent
cells with high starting resistivity (> 100 p-cm), or, equivalently, low initial
donor density (< 5 x 1013 cm"3 ), thus the principle donor constituent in NDQ is
lithium. All of these points fit well along equation (20) with very little scatter.
The circled data points represent HiA cells with 20 f?.-cm starting material
(« 2 x 1014 cm"3). Since these were low-gradient cells the background (phos-
phorous ) density was greater than the lithium density at the edge of the depletion
region. The divergence from equation ( 2 0 ) and the lack of gradient dependence
of the HIA data confirms this.
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The single donor density test can be improved in the same manner the capaci-
tance density test was improved, namely by making the measurements at a re-
verse bias. This is illustrated in Figure 46 where the densities NLO and NLS
are plotted for the H13A2 cells. The density Nj^g was calculated from capaci-
tance measurements at 3- and 4-V reverse bias. Here, as in Figure 43, the
values near zero bias give little basis for accurate gradient specification while
the values at the applied bias to provide a reasonably good basis for such pre-
dictions. Comparison of Figures 43 and 46 indicate that the latter shows a more
uniform trend with a smaller amount of scatter. This indicates that the single
density measurement provides a better density test than the single capacitance
measurement. In agreement with Murphy's law it is also the more involved of
the two measurements.
To summarize the possibilities for simplified density tests, (1) both the single
capacitance method and the single density method can be used to determine lith-
ium gradient in cells all having the same background donor density, (2) for cells
with different background densities, only the gradients in the intermediate grad-
ient range are accurately determined by either technique at zero bias, while
neither method is valid for low gradients, (3) the situation at low gradients can
be vastly improved by equivalent measurements at a reverse bias voltage, con-
tinuous improvement being obtained with increasing bias up to the point where
the capacitance measurement can no longer be made accurately, (4) the single
density method is superior to, and more involved than the single capacitance
method, and (5) crucible cells follow a different relationship than oxygen-lean
cells [cf. , equations (19 and 20)].
IV-9
CO
Z 5
£ I'
00
o
O)
o
cx>
o
00
CM
UJ
Q
i
w oo
LU O
Q C
o zQ -o
I
H-
co
o"
CD
d
o
0>
1—Ia
g
o
CM
CO
a
CD
1
O
'A1ISN3Q
co
co
r—4
CO
CD
CO
ed
•r-(PQ
o
co
-u
w
o
ri
T3
0
^
co
Ojd)
co
acu
Q
CD
•*
<of-l
s,
£
IV-10
SECTION V
SOLAR CELL COLD FINGER EXPERIMENTS
A. GENERAL
During the previous contract performed by RCA, Astro-Electronics Divi-
sion for JPL (1968-1969), a cold finger apparatus for testing solar cells was
designed and fabricated. This apparatus, which was previously described in de-
tail (Reference 1), can accommodate two devices with dimensions of approxi-
mately 0.13 x 0. 30 inch. Heaters on the cold finger make possible testing be-
tween liquid nitrogen temperature (77°K) and the melting temperature (~ 380°K)
of the solder used to mount the cells to the finger. The heaters are capable of
raising the cell temperature from 77°K to 380°K in approximately one minute.
The principal cold finger experiments were made with the apparatus attached to
the output flange of 1-MeV Van de Graaff generator. Measurements of diffusion
length by the electron voltaic method (Reference 3) using the electron beam from
this generator were taken for a series of electron irradiations and cell tempera-
tures. In addition, forward and reverse (dark) diode characteristics and reverse-
bias capacitance measurements were made.
Two solenoid actuated rods entering the cold finger apparatus through a vacuum
quick-connect enabled automatic positioning of 0.085-inch thick aluminum beam
stop (for cell protection) or a 0.011-inch thick beam moderator (for diffusion
length measurements, see Reference 3) in front of the test cells. The bottom
edge of the cold finger was directly on the beam axis of the Van de Graaff gen-
erator. Immediately behind and below the cold finger was a Faraday cup which
monitored the electron beam current continuously.
B. EXPERIMENTS ON ANTIMONY-DOPED CELLS
Experiments were performed on two cells from Lot C6A. These cells are
QC-grown cells with antimony doping to starting resistivities of 3 to 16 ohm-cm
which were lithium-doped with a 90-minute diffusion at 425°C followed by a 120-
minute redistribution at 425°C. Previous results on antimony-doped cells (Lot
C2) were puzzling in that the cells failed to show significant recovery at room
temperature, although the most recent measurements (Section HI) show a small
amount of room temperature recovery. Since there are significant variations
in starting (Sb) resistivity within the cells of Lot C6A it was possible to choose
two cells with significantly different doping densities.
V-l
The donor-density profiles obtained from capacitance-voltage plots indicated that
cell C6A-19 was much more heavily doped than C6A-18. It is reasonable to as-
sume that the donor-density difference reflects a difference in the Sb doping
level rather than the Li doping level since both cells have similar density grad-
ients. These two cells were chosen for the purpose of obtaining information on
possible effects of the Sb dopant on recovery characteristics.
The cells were cut into 0.13 x 0. 30 inch pieces. To minimize surface effects,
the cells were cut by scribing the back surface and then cleaving. After cleav-
ing, the cells' capacitance-voltage and diode characteristics were measured to
check that no major changes occurred in the cutting process. The cells were
then soldered onto a 0. 020-inch thick metallized boron nitride wafer with Cer-
roseal (220°F) solder. The boron nitride wafer was bonded to the cold finger
with Dow Corning silicon adhesive. Cell temperature was measured by a copper-
constantan thermocouple permanently mounted on a dummy cell next to the test
cells. The dummy cell mounting to the cold finger was identical to that of the
test cells.
The experiments consisted of irradiations at~ 77°K by 1-MeV electrons to flu-
ences from 3 x io13 e/cm2 to 3 x io15 e/cm2 and anneals at room temperature
and 373°K, with measurements of electron-voltaic short-circuit current, capac-
itance-voltage, and diode characteristics at various stages of cell irradiation .
and annealing. From the short-circuit current the minority carrier diffusion
length, L, was obtained using the method of Rosenzweig (Reference 2)*. Minor-
ity carrier lifetime, TO = L2/D, where D is the minority-carrier diffusion con-
stant. Values for D were obtained by use of the mobility data of Morin and Maita
.(Reference 4) and application of the Einstein Relation. The experimental un-
certainty in the short-circuit current measurement is approximately 10 percent
giving an approximate 20-percent uncertainty in TO assuming the values for D
are correct. This latter assumption is considered valid for temperatures
greater than ~ 140°K (103/T « 7.1). Below 140°K impurity scattering becomes
significant leading to uncertainties in the value of D.
Recombination levels can be found by obtaining lifetime-temperature (T vs T)
plots and applying Hall-Shockley-Read analysis (References 15 and 16). For
n-type material the equations are (Reference 17)
TO/TPO = (1 +n1/n0), (21)
or
To/Tp0 = (1 + yPt/no), ( 22 )
The beam current was sufficiently low that An/n0 < 10 5 in all measurements.
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where
n0 and pfl are the thermla equilibrium electron and hole concentrations,
T is the minority-carrier (hole) lifetime when the Fermi level isPO
near the conduction band,
y is the ratio of the hole capture cross-section to the electron cap-
ture cross-section, and
nt and pj are the (fictitious) electron and hole concentrations which would
exist if the Fermi level was located at the recombination level E^
Thus, nA = Nc exp [e (Et - Ec)/kT], Pj = Nv exp [e (Ey - Et)/kT], where Nc =
Nv = 4. 82 x io15 T3/2, Ec and Ey are the energy levels at the edge of the conduc-
tion and valence band, respectively. Equation (21) applies if the recombination
level is in the upper half of the band gap: Equation ( 22 ) if the level is in the
lower half. The value of n0 to be used in these equations is the donor density ob-
tained from C-V measurements. The large density gradients in lithium cells
provide an uncertainty in that no single value of n0 is applicable over the current
collection volume in the short-circuit current measurements (i. e. , over a diffu-
sion length). However the uncertainty, AE, introduced by the variation in n0
can be approximated by the shift in Fermi level associated with this variation,
that is
AEF - —In ^ 2, (23)e n01
where n01 and n02 are the lower and upper limits of n0. For the present cells,
the gradient near the junction is rather shallow, ~ IO18 cm"4, giving 2 ^ n02/
n01 ^ 3 which gives AEp ~ kT/e. Consequently, for the temperature range of
the measurements this uncertainty is 0. 02 eV.
The cells were irradiated sequentially to fluences of 3 x IO13, 3.3 x IO14, 1. 5 x
IO15, and 3 x IO15 e/cm2 at« 77°K. During each irradiation, TO was measured at
closely spaced fluence intervals. After each irradiation, a « 10 minute, 200°K
anneal was performed to remove all divacancies (Reference 18), then a TO vs
T plot was made. A 12 hour room temperature anneal also followed the irradi-
ations to fluences of 3.3 x IO14, 1. 5 x IO15, and 3 x IO15 e/cm2, after which a
6-hour anneal at 373°K was performed, and TO vs time at 373°K was measured
to investigate cell recovery dynamics.
The results of the TO vs TM measurements are shown in Figures 47 and 48 on
semi-log plots with 103/TM as the abcissa. As stated previously, after each
irradiation and before the TO vs TM curves were taken, 200°K anneals of « 10
minutes duration were made to anneal out the divacancies defects formed during
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irradiation. To monitor completion of this annealing stage, measurements of
TO were made each minute at 200°K until saturation was achieved. The curves
in Figures 47 and 48 indicated a recombination level somewhere in the vicinity
of the Ec - 0.185 eV i.e., near a level previously identified as the oxygen-va-
cancy or A-center (Reference 19) in QC grown n-type silicon and more recently
found at RCA (Reference I and 20) in lithium doped QC-grown silicon samples.
In Figures 49 and 50, theoretical curves of To/Tp0 from Equation (21) are given,
together with the experimental data taken after fluences of 3. 3 x 1014 and 3 x 1015
e/cm2 and after the 6-hour, 373°K anneal. Curve fitting was done only for temp-
eratures of 140°K and above for two reasons: (1) impurity scattering becomes
a factor below « 140°K increasing the uncertainty in mobility (or D) value, and
(2) the experimental value of TO begins to increase significantly at temperatures
slightly above 140°K. These reasons also dictated the choice of TpQ to be the
value TO at 140°K.
For cell C6A-18(2) shown in Figure 49 a value of n0 = 1 x 1015 cm"3 was chosen
from capacitance results. The data of both post-irradiation experiments and the
post-anneal data fit well within the envelope: 0.15 eV< Ec - E^< 0.17 eV with
the post-irradiation values fitting best the Ec - E-j- = 0.16 eV curve and the post-
anneal data fitting best the ECl5 - ET_S = 0.15 eV curve. For cell C6A-19(2),
the more heavily doped cell, n0 = 2 x 1015 cm"3 was used to generate the theoreti-
cal curves from Equation (21). For this cell, Figure 50 shows the data to fit
between 0.13 eV< Ec - EX< 0.15 eV. Again for this cell the post-anneal level
of 0.14 eV is shallower than the post-irradiation level of 0.15 eV. Even though
the experimental uncertainty in the level is greater than the « 0. 01 eV change
which occurred during 373°K annealing cycle, the consistency of this change in
both cells indicates that perhaps some reordering or perturbation of the level
occurs during the 373°K anneal. Another possibility, however, is that a change
in relative density of two closely spaced levels occurs during annealing. Such a
distinction would not be observable in these measurements. A question arises
concerning the relation of the level found here to the A-center. Since the C6A
cells are crucible-grown the expectation is that the main defect would be the
A-center at« Ec - 0.18 eV. The « 0. 02 eV shallower level found in these exper-
iments could be due to (1) measurement uncertainty, (2) perturbation of the
level by the presence of lithium or antimony, or (3) the additional presence of
another level close to the A-center level. The first and third of these possibil-
ities seem more likely than the second.
After irradiation to a fluence of 3 x 1015 e/cm2, a 6-hour anneal was performed
at 373°K for the purpose of obtaining information on the annealing kinetics of the
cells. Plots of minority-carrier lifetime at 373°K vs annealing time at 373° K
are given in Figure 51. After an initial period of approximately 30 minutes for
C6A-18(2) and approximately 80 minutes for C6A-19(2) in which a small decrease
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in lifetime is experienced, both cells began to recover. The recovery was par-
ticularly pronounced in C6A-18(2). An annealing stage at 400°K in phosphorus
doped FZ silicon has previously been identified as the dissociation of the phos-
phorus-vacancy or E-center (Reference 21). The analog of this center in the
Sb-doped C6A cells would be the antimony-vacancy defect. Thus, the question
arises as to whether we are observing the dissoication of antimony-vacancy de-
fects during the 373°K anneal. This appears highly unlikely since the position
of the Sb-V center is at « Ec - 0. 4 eV (Reference 22) would render it unobserv-
able in these measurements. (Much higher measurement temperatures would
be required to drive the Fermi level down to Ec - 0. 4 V.) Also, if this were
Sb-V dissociation, the annealing in the more heavily Sb-doped cell C6A-19(2)
should be more pronounced than in C6A-18(2). Figure 51 shows just the re-
verse to be true.
These results indicated the possibility that the presence of antimony inhibits
lithium diffusion. In an attempt to further pursue this question, another piece
of cell C6A-19, C6A-19(3), was mounted on the cold finger together with a non-
lithium « 10 ohm-cm p/n control cell designated C6A-B(3). * The cells were
* Six non-lithium control cells from lot C6A were generously furnished to us
by Peter lies of Centralab.
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irradiated and lifetime vs temperature measurements made after fluence incre-
ments of 1 x io15 e/cm2 at 90°K bombardment temperature and 2 x io15 e/cm2 at
100°K. The results of these measurements are shown in Figure 52 in which In
) is plotted against inverse temperature, l,000/T]y[. The slope of thisP
curve at high T0/Tp gives the activation energy, Ea, of the predominant defect.
The curves for the lithium cell and the non-lithium cell are virtually identical
above TO/TP(J ~ 10. The activation energy is calculated to be 0. 21 eV, a value
which is close to the 0. 18 eV found for the A-center (oxygen-vacancy), which
is shown for reference.
A 380°K anneal of 380 minutes duration was performed on these cells. The re-
sults of the measurements performed during this anneal are given in Figure 53
which is a plot of lifetime at 380°K after a time t of annealing, Tot, normalized
to the lifetime at the start of the anneal, TOo> versus annealing time. Over the
duration of the anneal the recovery in the lithium-free control cell is approxi-
mately the same as that of the lithium cell. The shapes of the recovery curves
do differ, however, with the non-lithium cell showing recovery throughout the
anneal while the lithium cell starts its recovery only after an initial degradation
of « 50 minutes duration. The control cell has an initial characteristic recov-
ery rate, S, of 6 x 10~3 min"1. This rate is more than an order of magnitude
higher than the value of 2 x 10~4 min"1 calculated from published data (Reference
22) for the dissociation of the antimony-vacancy defect. After approximately 70
minutes the recovery rate decreased to ~ 1 x 10~3 min"1. The recovery rate in
the lithium cell, C6A-19(3 ) was ~ 4 x 10~3 min"1. This was lower than the re-
covery rate observed for C6A-19(2) during a 373°K anneal, namely 7 x io~3
min"1. The probable explanation for the lower recovery rate in C6A-19(3) is
the heavier damage it experienced, i. e. , at the start of the anneal the diffusion
length of C6A-19( 3 ) was « 12 ^m at 373°K while that of C6A-19( 2 ) was « 16 |>im
at 373°K. The more heavy damage in C6A-19(3) would imply heavier depletion
of unbound lithium which would slow down any recovery due to lithium diffusion.
The initial degradation observed during the anneal of C6A-19(3 ) had also been
observed in cells C6A-19(2) and C6A-18(2). The unexpectedly high recovery
rate of the control cell C6A-B( 3 ) together with the unexpectedly low recovery
rate in C6A-19(3) leaves questions concerning the relative roll of lithium in
the recovery of Sb-doped cells still unanswered.
Cell diode and C-V characteristics of C6A-18(2) and C6A-19(2) were found to be
similar before and after the cells were cut. However, after soldering the ceils
to the cold finger, some dramatic changes did occur in one of the cells, C6A-19
(2) . Forward diode characteristics of this cell after cold-finger mounting (and
careful cleaning ) are shown for various temperatures in Figure 54. The low
temperature curves in particular show unusually high empirical A factors fang-
ing up to « 27 in the case of the 83°K curve in the vicinity of 1 mA. Such high A
factors are possible only if channels are present (Reference 13) where the p/n
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junction is exposed, i.e., at the edges of the cell. Subsequent diode measure-
ments showed significant spontaneous changes in diode characteristic. These
effects could conceivably be due to the presence of lithium. However, it is more
likely that they were caused by other surface impurities introduced after the cell
was cut.
C. LIFETIME DAMAGE CONSTANT
The objective of this experiment is to obtain information on dependence of
lifetime damage constant, KT, on bombardment temperature, periodic measure-
ments of diffusion length during electron irradiation enabled the calculation of
lifetime damage constant, KT, using the equation
+ K (24)
where
*
s
 tne lifetime prior to irradiation, and
is the electron fluence.
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Both oxygen-rich and oxygen-lean lithium cells were irradiated to fluence incre-
ments of « 1012 e/cm2 at the bombardment temperature, Tg. Diffusion length
measurements were then made at a measurement temperature of TM = 200°K.
The cells were then returned to Tg for another irradiation. For each bombard-
ment temperature this procedure was repeated approximately six times, the
diffusion length measurements were converted to lifetime, T, through use of the
mobility data of Morin and Maita (Reference 14) and 1/r was plotted against
fluence, 0. The damage constant, KT, from Equation (24) is the slope of this
curve,, (Throughout the measurements these curves'were good approximations
to straight lines.) In this way KT was found for several values of Tg for several
different lithium cells.
The results of these measurements are shown in Figure 55. Since the density
near the junction increases approximately linearly with distance from the junc-
tion, the cells are characterized in Figure 7 by the density gradient dNL/dw.
The cell diffusion length at TM = 200°K was « 20 ^ m during the measurements,
therefore an approximate estimate for the average density in the current collec-
tion volume would be that« 10 jim from the junction or « 10~3 dNL/dw (cm~ 3) .
The figure shows both oxygen-rich (QC) and oxygen-lean (FZ and Lopex) cells.
The QC cells have saturated values of KT well below (a factor of « 3) the FZ
and L cells in agreement with the carrier removal results on bulk samples,
Section VII. The exponential decrease in KT at low temperatures and saturation
at high temperatures is also in agreement with the carrier-removal results.
The apparent insensitivity of the saturated value of KT to lithium density gradient
is puzzling in view of the square root dependence found in the parametric studies.
The high degree of accuracy and reproducibility of the short-circuit current
measurements in the parametric studies, and the consistent results they yield
for many different cells gives a high degree of confidence in their validity. The
cold finger measurements on the other hand, are very dependent on the accurate
positioning of the cell with respect to the 1-MeV electron beam rendering cell-
to-cell comparisons less accurate. This is believed to be the reason for the
discrepancy.
D. CELL RECOVERY
Successive anneals at different annealing temperatures, T^, were per-
formed on several oxygen-rich and oxygen-lean cells. The reciprocal fraction
of damage remaining (fr)"1 was plotted against time. Physically, (fr)"1 at
time t is the ratio of the effective density of unannealed damage centers at the
start of the anneal to that at time t into the anneal. In terms of the measured
quantities ( f r ) is given by the equation
f i i \
(25)
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where TOO. To (0 ) , and T o ( t ) are the minority-carrier lifetimes at the annealing
temperature in question before irradiation, immediately after irradiation, and
at time t after the start of recovery, respectively. The time dependence of
(fr)'"1 depends on the annealing kinetics, and for first order kinetics the depen-
dence is exponential (Reference 23):
(fr)'1 = exp (47Tr 0 N L D L t ) , (26)
where NL is the lithium density, DL is the lithium diffusion constant and ro is
the capture radius for lithium by the defect.
Recovery curves for two of the cells measured are shown in Figure 56. The
recovery slopes, S(= 4rr r0NLD]_,) for these cells are 5.1 x 10~4 and 4. 5 x 10~"4
sec ~*. Values of S were obtained as a function of temperature for each cell
studied. The only quantity in S which is strongly temperature dependent is
Thus, DL can be calculated by finding S and inserting values for ro and
In Figure 57, plots of S versus inverse annealing temperature are given
for QC cells with two different values of dNL/dw. The solid lines drawn through
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the experimental points represent an activation energy of 1.07 eV, the activation
energy (Reference 5) for the diffusion of lithium in QC silicon. The values of
DL calculated from the data assuming r0 = 10 A and NL = 10~3 dNL/dw agree
well with Pell's values for silicon containing an oxygen concentration of 5 x 1017
cm"3. This confirms that lithium diffusion to defect sites is responsible for re-
covery in lithium-containing QC cells.
The recovery curves for three groups of low oxygen content cells are given in
Figure 58. The solid lines represent the 0.66 eV activation energy (Reference
7) for lithium diffusion in oxygen-lean silicon. Using ro = 10 A and NL = 10~3
dNL/dw, the values calculated from the data for DL agree with Pell's within a
factor of « 2. It is noteworthy that the ratios of the values of S for the two
cells at a given value of annealing temperature TA are (within a factor of 2)
equal to the ratios of the lithium density gradients, dNL/dw, measured in the
cells. This is further confirmation of the recovery results of Section II.
E. REDEGRADATION
Cells from lot T9 had shown considerable (« 10$) redegradation of photo-
voltaic characteristic after recovery from irradiation. Therefore, they were
chosen for redegradation studies on the cold finger. Anneals at various tempera-
tures were carried out beyond the point of maximum recovery. The redegrada-
tion characteristic was thus observed as a function of annealing temperature.
The results of the experiment are shown in Figure 59 in which normalized life-
time is plotted versus annealing time for annealing temperatures of 357°K, 345°K,
and 322°K. Plotted on the same co-ordinates is an annealing curve of normalized
carrier density for FZ Hall-bar sample at an annealing temperature of 300°K.
Each of the curves rises to a peak (recovers) and then redegrades. The re-
covery and redegradation rates increase with increasing annealing temperature
and all four redegradation curves show similar shape. This indicates that there
may be an effective activation energy for redegradation which is close to that for
lithium diffusion in silicon.
F. DIFFUSION CONSTANT
The diffusion of lithium in silicon over a wide range of temperatures has
been reported previously by several authors (References 5, 7, and 24). These
workers generally used some sort of ion drift technique for the diffusion of lith-
ium (n-type dopant) into a lightly doped p-type base. Since solar cells are quite
different devices from those used by the above authors, it is desirable to deter-
mine nondestructively the diffusion properties of the lithium ion in the actual de-
vice being studied. Such a technique was developed and reported previously,
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(Reference 1) and a brief description is given below to familiarize the reader
with the terminology. The capacitance Ca (and corresponding depletion width,
Wa) is measured for some applied voltage, Va. Then a large negative bias V^
is impressed on the cell (typically 10 volts) for a period of time. Under the
resulting field, E, the mobile ions drift toward the junction. This causes the
capacitance, Ca, to increase very much like the increase in capacitance of a
parallel-plate capacitor as the plates are moved toward each other. Since these
cells typically exhibit a linear 1/C3 vs V characteristic, one must increase the
applied voltage to maintain the same capacitance Ca. This change in applied
voltage, AVa, is measured as a function of time while the cell is biased at Vfo.
This Ava/At is then proportional to the lithium ion mobility and with the Ein-
stein relation, one can determine the diffusion constant, D.
Lithium diffusion constant measurements have been made on two high density
gradient quartz-crucible cells. These particular cells (C5-19, C5-20) are very
similar, having a lithium density at the junction edge (1.09 micrometers) of
~ 8 x 1014 Li/cm3 and a density gradient of ~ 5 x 1019/cm4. These are among the
highest-density-gradient quartz-crucible cells received. The lithium-ion diffu-
sion constant was measured between 30°C and 64°C at 1. 09 micrometers from
the junction. The results are shown in Figure 60. Also shown are the results
of Pell (Reference 4) for lithium diffusion constant in quartz-crucible silicon
containing an oxygen concentration of about 1018 atoms/cm3. The measurements
show excellent agreement indicating the presence of about 1018 atoms/cm3 of
oxygen in these cells at 1. 09 micrometers from the junction. The 1. 07 eV acti-
vation energy results from the dissociation of LiO+ (~ 0.42 eV) into Li+ and 0
and the subsequent diffusion of free ( Li+) lithium (~ 0.65 eV). The data shown
in Figure 60 leaves little doubt that the recovery of high-density-gradient lith-
ium-doped quartz-crucible cells is associated with the diffusion of free lithium
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SECTION VI
LITHIUM CELL OPTIMIZATION
A. TEST VARIABLES
Solar panels on earth-orbiting vehicles are subject to a radiation environ-
ment which includes protons and alpha particles as well as electrons, the flux
rate and energy spectrum of each particle type varying with the altitude and in-
clination of the orbit. Thermal cycling is also experienced; temperatures can
range up to approximately 100° C and down to approximately -80° C for an orbit
which dips into the earth's shadow. (For vehicles subject to nuclear events both
radiation and thermal cycle environments are more severe; i.e. , x-ray, neutron
bursts, etc., being added to the radiation environment, and high-temperature
thermal shock to the thermal environment.) The laboratory radiation environ-
ment in the scope of this contract has been limited to a single particle type,
energy, and (except in cold finger experiments) flux; i.e., 1 MeV electrons at
a flux of approximately 4 x 1013 e/cm2-min. The radiation-envirpnment vari-
able has been the fluence, ,0 which was varied from 3 x 1013 to 3 x 1015 e/cm2.
The test flux of 4 x 1013 e/cm2-min. is several orders of magnitude higher than
the rates normally experienced in earth orbit. While not simulating the real-
time orbit situation the high flux and short durations of the irradiations permitted
separation and isolation of the three main phases in the lithium-cell life cycle;
i.e., damage, recovery, and post-recovery behavior. Lithium-cell temperature
has been varied from 80° K to 380° K (-193° C to +107° C).
The obvious disadvantage of the limited radiation test environment is the un-
certain applicability of the results to other particle types, energies and fluxes.
However, restriction of the radiation parameters made it possible 1) to test
a wide range of lithium-cell variables for the same type of defects, 2) to test
sufficiently large numbers of cells (and cell groups) to establish statistically-
meaningful qualitative, and in many cases quantitative trends, 3) to identify
new parameters which provide more complete descriptions of cell behavior, and
4) to rapidly test modified cell designs to provide swift feedback as to the re-
covery characteristics. The most important discovery was that the slope of the
lithium density profile near the cell junction, i.e., the lithium gradient, provides
the basis for many cell predictions and optimizations.
While the specific damage mechanisms vary with particle type and energy, all
have two basic effects in common, (1) decrease in minority-carrier lifetime
(diffusion length) and (2) removal of majority carriers (donors). It is thus
felt .that the 1-MeV electron results do provide a good foundation for work using
other particles and energies and that the general nature of the trends observed,
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specifically the trends with lithium gradient, will be widely applicable. The
logical follow-on to this work would be the testing of lithium cells under ir-
radiation by protons and electrons of varying energies using the guidelines
which have been developed and are summarized below.
B. CELL PARAMETERS
In optimizing a solar cell for operation in a radiation environment several
sets of parameters must be related, e.g., material parameters, fabrication
parameters, initial performance characteristics,damage factors, post-irradiation
performance, and environmental characteristics. In this section the relation-
ships established in the present work will be summarized. These will then be
used to define, where possible, guidelines for optimum lithium-cell configurations.
It is convenient to divide the cell parameters into several sets. For this dis-
cussion they have been categorized as follows:
Set 1. Source parameters. These specify the starting condition of a
silicon cell before lithium is introduced. The cell manufacturer is also
included as a parameter in this set.
Set 2. Lithium fabrication parameters. These describe the method and
specifics of the lithium introduction process.
Sets 1 and 2 are essentially independent parameters.
Set 3. Lithium density parameters. These describe the lithium donor
density distribution in the cell.
Set 3 is dependent on the set 2 parameters and also on several of the
parameters of set 1.
Set 4. Performance parameters. These include the parameters which
determine initial and post-irradiation cell performance, recovery rate
and stability.
The set 4 parameters are dependent on parameters of each of the previous sets;
there are also mutual dependencies within set 4. In addition to the cell para-
meters a fifth set must be considered, i.e., the environmental (thermal and
radiation) parameters upon which set 4 parameters also depend.
The parameters are listed by set in Table IV. The parameter, the set to which
it belongs, and the symbol(s) used to identify it are listed in separate columns.
The manufacturers are Centralab, Heliotek and Texas Instruments, designated
C, H, and TI, respectively. The three silicon types are quartz-crucible, Q;
float-zone Z; and Lopex, L. The starting dopants are phosphorus, P; Arsenic,
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TABLE IV. PARAMETERS OF LITHIUM CELLS
Set
1
1
1
1
1
2
2
2
2
2
3
3
4
• 4
4
4
4
4
4
- 4
4
4
4
4
4
4
4
4
4
5
5
5
Parameter
Cell manufacturer
Silicon type
Starting dopant
Starting resistivity
Boron diffusion schedule
Lithium source
Lithium diffusion temperature
Lithium redistribution temperature
Lithium diffusion time
Lithium redistribution time
Lithium density distribution
Lithium density gradient
Pre- irradiation Isc
Pre- irradiation VQC
Pre- irradiation PMAX
Pre irradiation diffusion length
Immediate-post- irradiation Ig£
Immediate-post- irradiation VQQ
Immediate- post- irradiation PMAX
Immediate-post- irradiation diff. length
Post- recovery Igc
Post-recovery VQC
Post- recovery PMAX
Post- recovery diff. length
I- V- curve filling factor
Time to half recovery
IgQ loss (redegradation)
VQQ degradation
Filling- factor degradation
1-MeV electron fluence
Bombardment temperature
Recovery (annealing) temperature
Symbol (s)
C, H, TI
Q, Z, L
P, As, Sb
Po
NL(w)
dNL/dw
!0
V0
Po
Lo
KO)
V(0)
P(0)
L(0)
KR)
V(R)
P(R)
L(R)
f
e
AI
AV
Af
0 -
TB
TA
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As; and antimony, Sb. The lithium source is either a paint-on (suspended in
oil) source or an evaporated source. The performance parameters include (in
addition to the current, voltage, and power) recovery and redegradation times
and current loss during redegradations. In set 5 only the parameters covered
in the present work are listed, although the possible effects of other variations
will be considered later.
The set 3 parameters include the lithium density distribution with distance from
the junction, NL(W) , and the lithium gradient, dNL/dw. Obviously the former
gives the more complete density description, however relationships involving
the entire distribution, in addition to being difficult to establish, would be im-
possibly complex. Layer resistivity measurements by the cell manufacturers
(Reference 8) indicate densities varying up to ~1017 lithium donors/cm3 near
the back of the cell. Interpolation between these results (which extend to within
several mils from the junction) and our reverse-bias capacitance measurements
(which extend out up to «0.4 mils from the junction) indicates that a constant
gradient situation throughout the bulk of the base region is approximated only in
certain cells with moderate gradient ^3 x 1018cm~4. Nevertheless, many
important quantitative relationships involving photovoltaic and recovery para-
meters have been established with respect to the lithium gradient near the
junction with these parameters generally valid for gradients up to approximately
5 x 1019 cm"4. This is considered sufficient justification for identifying the
lithium gradient as the most important single lithium density parameter, and
for using it as the principle basis for discussions of cell optimization.
It is important that the cell buyer be able to specify the cell he requires to the
manufacturer in terms of source and fabrication parameters (sets 1 and 2) .
To enable this, three levels of relationship must be established; (1) the direct
relationships between set 4 and set 1 parameters (many of which are qualitative
in nature), (2) the specific relationships between set 4 and set 3 parameters,
many of which can be expressed quantitatively, and (3) the dependence of set
3 parameters upon set 2 parameters. Together these three levels give the
ultimate performance in terms of the fabrication parameters. As was indicated
in Section IV the weak link in this chain is at present level (3). The manu-
facturing processes have not yet reached the point where the lithium fabrication
parameters can consistently and reproducibly be related to the resultant lithium
gradients. The problem is twofold (1) for a given lithium diffusion (a given
cell lot), since unacceptably large cell-to-cell differences in lithium gradient
often occur, and (2) a given lithium diffusion schedule doesn't always yield the
same range of gradients. If the lithium cell is to become a practical alternative
to the n/p cell, then this is one of the areas where advancements must be made.
But for the present, the discussion of cell optimization, which ultimately should
be couched in terms of fabrication parameters, must be discussed mainly in
terms of the physical parameter, i. e., lithium gradient.
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Returning to Table IV, there are several performance parameters (set 4) which
depend upon certain source parameters (set 1). These are discussed below.
(a) The most important of these involves the silicon type. The lithium diffusion
constant (and consequently the recovery rate) at room temperature in quartz-
crucible silicon is a factor of approximately 1000 below that in oxyben-lean
(Z or L) silicon. This ratio is smaller at higher temperatures since the
activation energy for diffusion is higher in crucible silicon (1.1 eV) than in
oxygen-lean silicon (0.66 eV). Due to the great differences in recovery times
these cell types will be considered separately in the discussion of quantitative
relations, (b) The starting dopant also has been observed to effect cell recovery
speed in quartz-crucible cells. Antimony (Sb)-doped cells were observed to
recover at a much slower rate (approximately one order of magnitude) than
Phosphorus and Arsenic-doped (P and As) cells with comparable lithium (none
of the oxygen-lean cells had antimony as the starting dopant.) The tentative
conclusion was drawn from the results that the antimony was responsible for
the reduction in recovery speed, (c) The filling factor, f, defined by the
equation, P = I.V.f, has in specific instances been effected by the starting
resistivity, PQ. Cells with high po and low lithium gradient (^1018 cm"4) have
developed series resistance during irradiation due to carrier depletion in the
base region. This combination, encountered mainly in oxygen-lean cells (since
po ^40fi-cm in Q cells) should be avoided especially in heavy radiation environ-
ments, (d) The dependence of initial lithium-cell performance on boron (p-skin)
diffusion schedule has been studied by the cell manufacturers (Reference 21).
They are in agreement that a short boron tack-on* time of 2 minutes yields better
cells than a long, 8 minute, tack-on at the same temperature (1075° C) . This
was further confirmed by our pre-irradiation measurements on lot C10C (8 min.)
and C10F (2 min.) which showed the latter to have higher power than the former,
(e) Another finding by the cell manufacturers was that Lopex cells in general
gave higher initial performance than float-zone cells, (f) Some performance
parameters depend on the cell manufacturer. Most notable among these was a
factor of approximately 10 slower recovery speed in the TI(L) cells with respect
to the C and H (Z and L) cells.
Before summarizing the relationships between the performance, physical, and
environmental parameters a few relationships between the performance parameters
should be noted. In addition to the definition P = I.V.f noted above, for a given
cell, V is dependent upon the logarithm of I. Finally a relationship between I
and L (I = 34.4 Iog10 L) was derived in this work. It is not universal in that it
applies only to cells illumination at 140 mW/cm2 using the RCA tungsten light
source but it does apply to all of the many lithium cell-lots thus illuminated and
measured by us.
* Boron diffusion consists of 3 phases: (1) pre-deposition heating time, (2) boron
deposition ("tack-on") time, (3) boron diffusion time. It is the second phase
which has been reduced from 8 to 2 min.
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Many quantitative relationships have been empirically found between the perfor-.
mance parameters of set 4 and the lithium density and environmental parameters
of sets 3 and 5. These relationships for crucible cells are summarized in
Table V together with indications of the qualitative relationships observed. The
performance parameters are listed in Column 1, the appropriate relationship in
column 2, and the realm of applicability with respect to the independent variables
are given in columns 3 to 5. Cell-lots upon whose measurement the results are
based are listed in column 6. When the word "all" appears in column 3, it in-
dicates applicability over the entire fluence range for 3 x 1013 to 3 x 1015 e/cm2.
"All" in column 4 has the same meaning with respect to lithium gradient, the
crucible-cell experiments usually covering gradients between approximately
3 x 1017 cm"4 and 2 x 1019 cm"4. In several of the relationships given in column
2 the parameter is subscripted by an "A", e.g., V^(O). This denotes the
value of the parameter for lithium gradient equal to 1 x 1018 cm"4. "Inverse
dNL/dw" and "direct dNL/dw" in column 2 indicate "decreases with increasing
lithium gradient" and "increases with increasing lithium gradient", respectively.
The rows describing Vo, V(O), and V(R) yield some interesting results. Both
V0 and V (O) have approximately the same gradient dependence, increasing 16
millivolts per decade increase in gradient. Thus the voltage loss during ir-
:
 radiation is independent of gradient. However in V(R) the gradient dependence,
By, was different at different fluences, i.e., By values for both C13 and C14D
cells were 20, 26 and 51 millivolts per gradient decade after fluences of 3 x 1013,
3 x 1014 and 3 x 1015 e/cm2 respectively. Thus while voltage loss during irradi-
ation is gradient-insensitive, the degree of recovery varies directly with gradient,
this variation being stronger at higher fluences. (This effect was also evident in
the H3A cells which had lower VAO than the C13, and C14D cells. However the
increasing By set in at a lower fluence, By being 40 millivolts per decade after
recovery from 3 x 1014 e/cm2) .
It is also interesting to note that V(O), I(O), and P(O) at a given gradient all
decreased at approximately equal increments per decade of flux. This situation
is described by the relations for V^(O), IA(°) and PA(°) which apply to the C
cells. The current values were shown in Figure 8, the V^(O) values were 551,
505, and 454 mV for fluences of 3 x 1013, 3 x 1014, and 3 x 1015 e/cm2, respectively;
the corresponding values for PA(°) were 24.2, 18.0 and 12.4 mW. The values
of I(R) generally followed the values of IQ however there was also a gradient
dependence which became weaker with increasing fluence (see KL(R) relations) .
The approximate relationships for KL(R)/KL(O) indicate that about nine-tenths
of the effective damage sites are annealed except in low-gradient cells at high
fluence where recovery is less complete. The important relationships for P(R)
indicate that for low fluences, low gradients give the higher values but as fluence
increases the situation becomes reversed.
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The time to half recovery, e, is specified as a function of gradient, fluence, and
temperature. It holds, within a factor of approximately two for all crucible cells
tested except the Sb-doped cells. The short-circuit current loss (redegradatiori),
A I, was generally small with no systematic gradient dependence but with decreas-
ing loss as fluence increased. The recovered open-circuit voltage was stable
(AV »0).
Table VI indicates some relationships found for the oxygen-lean cells. Except
for recovery dynamics the results were sparse due to the spotty performance of
most lots. The KL(O) relationship was obtained using cells in the gradient
range from 3 x 1017 to 3 x 1018 cm"4, the V(R) relationship covered gradients of
1 x 1018 to 8 x 1019 cm"4 and included significant data scatter. The 9 values were
established for a wide range of cells with gradients ranging from 2 x 1017 to
8 x 1019 cm"4. As reported in Section II the recovery for TI cells was approx-
imately a factor of 10 slower than for the C and H cells. The instabilities
observed were mainly in short-circuit current and curve filling factor, very
little voltage instability appearing except in lots C4 and C5. The current losses
were severe, especially in high-gradient cells after low fluence, however lower-
gradient cells («5 x 1018 cm"4) were not immune to current losses of approximately
5 mA (see Figure 37). The filling factor loss, Af, was due to a rounding of the
knee of the I-V curve. It occurred mainly in high gradient TI cells, both irradiated
and unirradiated.
The relationships summarized above provide the basis for the establishment of
an optimum cell design. The number-one option involves the choice between
silicon types, quartz-crucible or oxygen-lean (float-zone or Lopex). Summar-
izing the comparisons of these two alternatives:
(1) Quartz-crucible cell lots have consistently been competitive with
or better than commercial ion-cm n/p cells in initial and post
irradiation performance while only scattered oxygen-lean cell lots
have achieved this level of performance.
(2) Crucible cells are more stable than oxygen-lean cells by a wide mar-
gin both on an equal time/temperature basis (Tables II and III) and
on an equal life-cycle basis (80° crucible storage vs 26° C oxygen-
lean storage, see Figure 37).
(3) Oxygen-lean cells recover, at a given cell temperature, at a faster
rate than crucible cells.
The first two comparisons lead to the conclusion that at the present state of
development the quartz-crucible lithium cell is the cell to use. The oxygen-
lean cell should only be considered in environments where the crucible-cell
recovery speed is insufficient to keep pace with the rate of damage.
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Criteria for the sufficiency of recovery speed can be derived by considering
the time-to-half-recovery relationship (equation 12 and Table V), the shape of
the recovery curve (Figures 17 and 37) and the radiation environment. Figures
17 and 37 indicate that recovery is essentially complete for storage times a
factor of ten above the time to half recovery, 6. To allow a factor of safety
for the spreads in recovery speed and curve shape the time to full recovery will
be considered to be a factor of 40 times 9. Using this conservative criterion,
time to full recovery is plotted against lithium gradients for four different orbit
temperatures in Figure 61. The curves are plotted for the lower and upper
limits of fluence covered in the experiment, 3 x 101S e/cm2 and 3 x 1015 e/cm2,
respectively. Plots were not made at the intermediate fluence of 3 x 1014 e/cm2
because this would crowd the figure; however, the appropriate recovery times
at 3 x 1013 e/cm2 are simply 3.9 times the values at 3 x 1013 e/cm2. The temper-
ature range of 30° C to 80° C was chosen because solar panel temperatures
usually vary within this range* during the illuminated portions of most earth
orbits.
An appropriate criterion for the sufficiency of recovery speed would be that the
cell recovery time for the fluence encountered during the mission be less than
the mission time. For example, for a mission of one-year's duration encountering
a total equivalent 1-MeV electron flux of 3 x 1015 e/cm2, Figure 61 indicates
that cells with gradients above 2 x 1018 cm"4 or 1.2 x 1019 cm"4 would be required
to satisfy the recovery-speed requirements for 65° C or 50° C orbit temperatures,
respectively. A general expression for the minimum acceptable gradient for a
mission duration of y years can be derived by substituting 9 = 9. ly in equation 12.
The result is,
/JXT /A v 6.4 x 10~8 , 0 . 5 9 . 1 .28x10* .
 / 0_.(dNL/dw)M I N= 0 exp ( ). (27)
It can be seen from Figure 61 that even for the upper fluence level a quartz-
crucible lithium cell with practical lithium gradient, in this case <1.2 x 1019
can satisfy recovery speed requirements for orbit temperature of 50° C and
above.
C. OPTIMUM LITHIUM CELL
While the recovery speed criterion places a minimum acceptable value on
the lithium gradient, this minimum value will not in general give optimum per-
formance. For example a mission encountering 3 x 1015 e/cm2 in a year could
use lithium cells with gradients of 5 x 1017 cm"4 for an orbit temperature of 80° C
* Actually, maximum orbit temperature is usually above 50 C
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if speed of recovery were the only criterion. However, such a low gradient
value would be a poor choice in such a high fluence mission as was shown in
Table V (and Figures 29 and 30) where recovered power is seen to drop for
gradients below about 4 x 1018 cm"4.
In general, having established a minimum gradient for recovery speed, the
optimum gradient can be obtained from the relations for P(R) in Table V together
with the anticipated 1-MeV electron fluence. As fluence increases so does the
optimum gradient. In a range where there is no gradient dependence the highest
gradient in that range should probably be chosen for the faster recovery speed
it yields and the smaller net drop in open-circuit voltage (cf., VQ and V(R) in
Table V) . This latter factor is especially important if the solar panel is
operating at a fixed voltage.
In summary, the optimum lithium cell, while differing depending on the mission
can be outlined as follows for orbit temperatures above 50° C:
Silicon type - quartz-crucible
Starting dopant - phosphorus
Starting resistivity - 20 to 40 £2-cm
lithium gradient - greater than (dNj^/dw) MIN
as given in equation (27) and chosen according to the
fluence anticipated, i.e.:
dNL/dw «5 x 1018 for 0 <1 x 1014 e/cm2
dNL/dw «1 x 1019 for 0 M x 1014 e/cm2.
For cell temperatures less than about 50° C the crucible cell becomes marginal
in a heavy (MO15 e/cm2-year) electron environment but for light-to-moderate
environments (<3 x 1014 e/cm2) high gradient crucible cells («1 x 1019 cm"4)
should recover with adequate speed for temperatures down to about 40° C.
D. MISSION CONSIDERATIONS
To give the above criteria practical meaning the fluences involved in the ex-
periments must be related to the fluence equivalents expected in earth orbiting
vehicles. To do this it is necessary to go beyond the scope of the present
experiments since all earth orbits involve protons as well as electrons.
Damage constants for n/p solar cells have been published (Reference 26) for
both proton-and electron-bombardment as functions of particle energy. It has.
been customary to normalize all damage constants to that for 1-MeV electrons.
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In this manner a damage factor is specified for each particle type and energy,
the fluences of each type particle are weighted by this factor and all contri-
butions are summed. The resulting weighted fluence is given in terms of
equivalent 1-MeV electron fluence, or DENIs*.
A limited amount of data (References 27 and 28) has been published on proton-
and neutron-irradiated lithium cells. This data indicates that the damage
factors under proton irradiation for lithium cells after recovery are only a
small fraction of those for n/p cells, i.e., the lithium cell is much more
resistant to radiation damage under proton irradiation than the n/p cell. The
data on lithium cells is too limited to site firm numbers but the factors are
somewhere between 0.05 and 0.2 times the n/p cell factors. The electron data
in the present work shows the lithium cell damage coefficients to be fluence
dependent, unlike the fluence-independent values for n/p cells. Short-circuit
current comparisons after recovery (Figure 26) show the lithium cell and the
n/p cell to have similar damage coefficients. Thus, to be conservative, in
the orbit analysis described below lithium-cell damage factors for protons
were taken to be 0.2 times the values for n/p cells, and the factors for electrons
were taken to be equal.
Electron and proton models of the earth's radiation environment have been
developed by Vette et al (Reference 29) in which omnidirectional proton and
electron fluxes are given as functions of energy, orbit altitude, and orbit
inclination. An orbital integration of these fluxes was recently performed by
RCA (Reference 30) as part of a proposal effort for NASA on the Atmosphere
Explorer program. The projected Atmosphere Explorer orbits are highly
elliptical orbits which experience very heavy proton fluxes in moving through
the Van Allen Belts. The most severe projected orbit is a near equatorial
orbit with an apogee of approximately 2040 nmi, a perigee of 85 nmi and an
inclination of 18° . Since this orbit represents a very severe radiation environ-
ment it is considered to provide a good test of the recovery speed of crucible
cells. The equivalent 1-MeV electron fluence over the mission duration of
eight months was calculated from the orbit integration and assumed damage
factors. The lithium cell was assumed to have a 6 mil coverglass for pro-
tection against low-energy (<4 MeV)/protons.** The results showed the
lithium cell receiving 5.1 x 1015 DENIs (5.0 x 1015 DENIs protons, 0.1 x iO15
DENI's electrons). This is slightly above the highest 1-MeV electron fluence
in the present experiments. Considering the severity of the orbit chosen the
3 x IO15 e/cm2 upper limit will cover the fluence experienced in most NASA
missions presently anticipated. * * *
* Damage Equivalent, Normally Incident 1-MeV electrons
* *The n/p solar panel presently planned for the AE missions will have 60
mils coverglass.
* * *This statement is correct if the damage factor method used to calculate
DENIs for protons is valid. This, admittedly is a very big "if" especially
where carrier (donor) removal is concerned.
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It is instructive to calculate the lithium gradient required to satisfy the re-
covery speed criterion for such a mission. Assuming the 0.59 power dependence
on fluence holds, the recovery-time values at 3 x 1015 e/cm2 in Figure 61 must
be multiplied by 1.23, or equivalently the required recovery time of 240 days
divided by 1.23 giving 195 days. The minimum gradients for sufficient re-
covery speeds are then 8 x 1017, 4 x 1018, and 2 x 1019 cm"4 for orbit temper-
atures of 80, 65 and 50° C, respectively.
The "Solar Array Synthesis Computer Program" (Reference 31) developed by
RCA for NASA-GSFC computes a degraded photovoltaic characteristic from
input data consisting of the initial I-V curve, proton and electron fluences in
several energy increments, proton and electron damage factors in the same
energy increments, coverglass thickness and cell temperature. Atmosphere
Explorer mission calculations for a in-cm n/p cell and a lithium cell were run
on this program using the damage factors assumed previously in this section,
i.e., lithium-cell proton factors of 0.05 to 0.20 times n/p cell proton factors,
lithium cell electron factors equal n/p cell electron factors. Results are shown
in Figure 62 which gives maximum power, normalized to the pre-irradiation
value, as a function of time in orbit. The n/p cell is shielded by 54 mils cover-
glass; the lithium cell by only 18 mils. In spite of the large uncertainty, the
calculations for the conservative limit for the lithium cell show it to out-perform
an n/p cell with three times the coverglass thickness.
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Figure 62. Predicted Power Degradation Curves for Lithium Cells With 18
mils Coverglass and in-cm/nP Cells with 54 mils Coverglass.
Projected Atmosphere Explorer Orbit with 2040 nmi Apogee,
80 nmi Perigee and 18° Orbit Inclination
SECTION VII
HALL AND RESISTIVITY MEASUREMENTS
A. INTRODUCTION
Hall-coefficient and resistivity measurements have been used to investi-
gate the crystal-growth and irradiation-temperature dependence of the introduc-
tion rate and room-temperature annealing of carrier-removal defects in lithium-
doped silicon. These studies are necessary to understand the mechanisms by
which lithium interacts with primary defects. The reaction products (the sec-
ondary defects ) are formed during the thermal reordering processes which take
place after bombardment produces the primary vacancy-interstitial pair. The
electrical properties of electron-irradiated silicon at moderate electron ener-
gies (Ee = 1 to 2 MeV) are dominated by these secondary defects. In general,,
impurities are immobile at or below room temperature, but lithium is an im-
purity which is highly;mobile at room temperature. This mobility makes it.
possible for lithium to diffuse to radiation-induced defect sites. Evidence to
date indicates that the interaction of lithium with the defects neutralizes the de-
grading effect of these defects on the electrical properties of silicon solar cells.
In order to guide the production of radiation-resistant cells, it is necessary to
know the ideal quantity of lithium required in the base region of the cell, and the
way in which lithium interacts with phosphorous, oxygen, and radiation-induced
vacancies. Thus, the objectives of the Hall and resistivity measurements on
bulk-silicon samples diffused with lithium were (1) to determine the dependence
of carrier-removal on lithium concentration, oxygen concentration, and electron
fluences at low and high bombardment temperatures, and (2) to determine the
dependence of annealing at room temperature on the same parameters as for
carrier-removal. To achieve these objectives, ingots of high resistivity FZ
refined silicon, and QC grown silicon were procured and fabricated into Hall
bars. Measurements on Hall samples fabricated from silicon procured during
the last contract period (Reference 1) were irradiated and measured. These
results will be included in this report. A complete description of the methods
and techniques of these measurements can be found in Reference 20.
B. TEMPERATURE DEPENDENCE OF CARRIER-REMOVAL RATE
1. Float-Zone Silicon
Previous work of several investigators (References 32 and 33) demon-
strated that the defect intorudction rate in phosphor us-containing silicon de-
creases as the bombardment temperature is decreased, and also as the dopent
vn-i
concentration is increased at a fixed bombardment temperature. One of the ob-
jectives of our study was to determine the dependence of carrier-removal rate
in irradiated silicon on bombardment temperature and lithium concentration. To
achieve this objective, several Hall bars fabricated from 1500 ohm cm and 5000
ohm cm float-zone refined silicon and from 30 to 50 ohm cm quartz-crucible sil-
icon were diffused with lithium to concentrations from 2 x 1014 to 3 x 101? Li/cm3
and irradiated at bombardment temperatures from 79°K to 200°K. The rates of
carrier-removal were determined after each bombardment. These rates,
An/A* cm'1 measured in FZ silicon after annealing to a temperature of 200°K
versus the reciprocal of the bombardment temperature are shown in Figure 63.
Lithium concentrations of the samples used in the measurements are shown as
a parameter. The curves shift along the temperature axis towards lower temp-
eratures as the lithium density is decreased over three orders of magnitude.
These concentrations of lithium correspond to resistivities from 0.03 to 20
ohm/cm. This shift of the temperature dependence portion of the curves is in
qualitative agreement with the interstitial-vacancy-close-pair model (References
32 and 33) which predicts this dependence of damage on the position of the Fermi
level or change state of the silicon during bombardment. It appears that the
saturated value of carrier-removal rate measured at a bombardment tempera-
ture of 200°K increases with lithium concentration.
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Figure 63. Carrier-Removal Rates vs Reciprocal Bombardment Temperature
for Float-Zone (FZ ) Silicon. Measurements at 79° to 81°K after
Annealing to 200°K
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2. Quartz-Crucible Silicon
A similar set of curves is shown in Figure 64 for the samples fabricated
from quartz-crucible silicon with lithium concentrations from 2 x 1015 to 3 x 1017
Li/cm3. The curves also shift along the, temperature axis towards lower temp-
eratures as the lithium density is decreased in agreement with the result obtained
on samples of float-zone silicon.
The saturated value of carrier-removal rate obtained for the samples doped with
3 x 1017 Li/cm3 is equal to 0.18 cm"1 which is the same value obtained for the
samples doped with 2 x 1016 Li/cm3, whereas the rate is slightly higher for the
samples doped with the lowest concentration of lithium. This difference is not
significant, since it is within the experimental error. However, the properties
of the float-zone samples are significantly different with respect to the saturated
values of carrier-removal and also with respect to the slopes of the temperature
dependent portion of the curves in Figures 63 and 64. It seems that different
types of carrier-removal defects are dominating the electrical behavior in these
two types of silicon.
3. Carrier-Removal in High Resistivity Samples
The temperature dependence of the carrier-removal rate was measured on
five Hall bar samples fabricated from two different sources of high-resistivity
float-zone silicon. A portion of the data obtained on these samples was included
-in-Figure-63.—This_section_of the jreportjleals with the remainder of the data
which showed an anomalous effect.
These two sources of silicon had initial resistivities of 1500 and 5000 ohm-cm.
Two Hall bar samples were fabricated from the 1500-ohm-cm material and
doped with lithium to a concentration of 5 x 1015 Li/cm3. The other three sam-
ples were made from the 5000-ohm-cm material and doped with lithium to a con-
centration of 1.8 x 1014 Li/cm3. All five samples were irradiated at several
temperatures (Tg), and then the rate of carrier-removal was determined after
each bombardment (measurement temperatures, TM, always being 78-81°K).
The results obtained on the five samples are shown in Figure 65 where curve I
is based on the measurements obtained on three samples made from the 5000-
ohm-cm material (hereafter referred to as " J" material) and curve n is based
on the measurements obtained on the 1500-ohm-cm float-zone silicon (" H " ma-
terial). A very surprising result was obtained when samples (previously ir-
radiated at lower temperatures) were bombarded at TB = 95°K. The carrier-
removal rate decreased to a low value and then increased as successive bombard-
ments were completed at higher temperatures. All five samples showed this
effect, thus the experimental evidence strongly supports the reality of this min-
imum in the Tg dependence curve of carrier-removal rate versus reciprocal
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bombardment temperature. The only reasonable explanation is that a defect level
located at an energy corresponding to the position of the Fermi-level at a bombard-
ment temperature of 95°K (about 0.14 eV below EC ) would affect the measure-
ments. If this defect is being introduced by the bombardment then it would be
expected that an unirradiated sample initially bombarded at TB = 95°K would not
exhibit the low value of carrier-removal rate (0. 04 cm"1). To test this theory,
one of the three samples of " J " silicon was bombarded initially at a temperature
of 95°K whereas the other two were bombarded starting at TB = 200°K and 85°K,
respectively. The bombardment temperatures of the latter two samples was slow-
ly decreased to 78°K and increased to 200°K, respectively. As was expected,
the sample pristinely bombarded at 95°K indicated a carrier-removal rate of
0.092 cm"1 which is approximately twice the value measured on the four pre-
viously-irradiated samples. Thus it appears that a radiation-induced defect
level was responsible for this minimum in the curves of Figure 65. Further
evidence will be given in later sections to support this hypothesis. The shift of
the carrier-removal characteristics (Figure 65), along the temperature axis to
lower temperatures was in agreement with the interstitial-vacancy-close-pair
model (References 32 and 33) which predicts this shift with changing resistivity.
It should be noted that the saturated value of An/A* (0.1 cm"1) obtained on these
lightly-doped samples of float-zone silicon is equal to the saturated value of
An/A$ obtained on the quartz-crucible samples (Reference 20) which were heav-
ily doped with lithium (2 x 1016 Li/cm3).
4. Fluence and Measuring Temperature _ _.
Measurements of the fluence dependence of carrier-removal in irradiated
silicon have been made and reported on in the literature (References 4, 34, and
35). Samples doped with conventional impurities (e.g., phosphorus, antimony,
and arsenic) and with lithium have been investigated by other workers. 'It is one
of the objectives of this work to determine the influence of the degree of damage
on the carrier-removal rates and annealing properties at room temperature of
lithium-doped silicon. It has been shown (References 4 and 35) that, for a fixed
temperature of bombardment and measurement, the carrier-removal rate de-
creases exponentially with fluence when the removal rate and damage level is
high. However, if the removal rate is low, then it has been shown (References
18, 20, and 34) that carriers are removed linearly with fluence, and the carrier-
removal rate is constant over a limited range of fluences. However, the situa-
tion is more complex when the bombardment temperature and/or measuring
temperatures are varied. This is illustrated in Figure 66 where the curves of
carrier density, n versus fluence, $ measured at two temperatures on sample
H5-5 are shown. This sample had been bombarded at lower temperatures prior
to the bombardment at TB = 250°K. However, the major part of the damage oc-
curred during the bombardment at the higher temperature. The sample was
measured at a temperature of 250°K, and at 79°K. The latter temperature has
been used throughout this work as a reference temperature.
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The results in Figure 66 demonstrate that carrier-removal rates measured at
high temperature can be lower or higher than those measured at low temperature.
There is agreement in the carrire-removal rates measured for either low or
high measurement temperatures in region I of the curve, where the fluence and
carrier losses are small. In region n, the carrier-removal rate TJ (TM = 250°K)
w 12r| (TM = 79°K), and in region HI 77 ( TM = 250°K) « 0. 2r? ( TM = 79°K). Ob-
viously the curves for TM = 79°K can be fitted with an exponential dependence on
$ and a single constant (for example, n = noe~3$). Three different constants
(e.g., B) are required to fit the curve obtained for TM = 250°K in the three re-
gions labeled I, n, and El in Figure 66. These results point out the complexity
of the physical situation and the necessity for care in comparing the results of
different experiments.
C. CARRIER DENSITY VERSUS MEASURING TEMPERATURE
1. Float-Zone Samples of High Resistivity
The carrier density was measured as a function of temperature at various
times during the bombardment of the J-samples, which were previously discussed
(see Figure 65). Figure 67 shows the results obtained on one of the " J" samples.
All three " J" samples exhibited the same carrier density dependence on measur-
ing temperature.
Curve I was obtained from measurements on the sample before bombardment,
curve n was obtained following the completion of bombardments, and curve HI
was obtained following the completion of the high temperature annealing cycles
(TA = 300°K and 373°K). Curve II clearly shows that the irradiation has intro-
duced a defect level or levels covering a wide temperature range. The tempera-
ture at which half of the traps are filled is Tt/2 = 146°K as shown in Figure 67.
The effective energy level corresponding to this temperature was calculated to
be E = Ec - 0.14 eV. This defect level or levels thus appears to be responsible
for the minimum carrier-removal rate shown in Figure 65 at a bombardment
temperature of 95°K. Curve HI indicates that the interaction of lithium with this
unknown defect and other possible lithium centers takes place during the high
temperature annealing cycles. Both the trap density and the carrier density at
low and high temperatures decreased. The lithium density (assuming that the
carrier density can be equated to the lithium density at this temperature) de-
creased by a factor of 1. 8 whereas the carrier density measured at low temp-
erature (78°K) decreased by a factor of 1.1.
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Figure 66. Carrier Density vs Fluence for FZ Silicon Sample (H5-5)
Bombarded at 250°K and Measured at 79° and 250°K
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Figure 68 is particularly interesting since these are the results of carrier den-
sity versus temperature measurements taken on the sample of " J" silicon which
was initially bombarded at TB = 93DK and subsequently bombarded at lower and
higher temperatures. As previously stated, the An/A* measured at TB = 95°K
was found to be 0. 092 cm"1 rather than 0. 04 cm"1 indicating the absence of this
previously unknown defect level at the beginning of the bombardment. Figure 68
shows that curve II taken right after bombardment at TB = 95°K does not show
the presence of any defect level, but the level does appear in the measurements
(curve El) made after the other bombardments were completed. Thus, these
results support the carrier-removal measurements. Curve IV taken after an-
nealing ( TA = 300°K and 373°K) shows that the defect level is reduced in density
and modified in energy but is not completely removed, in agreement with the re-
sults of Figure 67. The measurements taken on the third " J" sample were in
complete agreement with those shown in Figures 67 and 68.
2. Quartz-Crucible Silicon
The carrier density was measured as a function of temperature before
bombardment, after bombardment, and following annealing cycles at tempera-
tures of 300°K and 373°K, on samples of quartz-crucible silicon doped with
2 x io15 Li atoms/cm3. These are the same samples used to obtain the carrier-
removal rates which were previously discussed and shown in Figure 64. Fig-
ure 69 shows the results obtained on one of the samples which was annealed only
-at-TA-^-300°K.___A .defeatJeyjeljoj3ate^aiji^energy_qf_JIc ^.JL9j3Vjs_shown _in_
the data of curve II obtained on the sample immediately after bombardment.
There is a slight indication that a second shallower level (« Ec -0.13 eV) is also
present. Curve ni illustrates the results obtained after annealing at a tempera-
ture of TA = 300°K for 36 days. The defect density decreased slightly and the
energy of the level did not change significantly from the value calculated before
the annealing cycle took place. It should be noted that the carrier density meas-
ured at room temperature decreased during the annealing cycle, but the carrier
density measured at low temperatures increased. This behavior has been con-
sistently observed on « 14 samples of lithium containing silicon.
Figure 70 is a similar set of curves obtained on another sample which differs
from Figure 69 in that this sample was first annealed for a short period of time
at a temperature of 373°K and then at room temperature for 54 days. Curve I
is based on the initial values of carrier density, curve n was obtained on the
sample immediately after bombardment, curve III was obtained following the
373°K annealing cycle, and curve IV was measured after the sample annealed
at room temperature. Here again, a defect level located at an energy of Ec
-0.16 eV was measured immediately after bombardment and is shown in Figure
70 (curve II). There is some evidence that a second shallower level also exists.
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This second level is more prominently shown in curve HI after completion of the
373°K annealing process located at an energy of Ec -0.13 eV where the energy
of the first level was calculated to be Ec -0.18 eV. It should be noted that the
carrier density decrease measured at TM = 300°K and the increase measured at
< 160°K agrees with the results of Figure 69.
D. ANNEALING
1. Dependence of Carrier Density Changes on Resistivity
One of the important properties of irradiated lithium-doped silicon is the
annealing of the damage at TA = 297°K, and the dependence of annealing proper-
ties on the lithium concentration. Figures 71, 72, and 73 show the dependence
on lithium density of the annealing properties in irradiated float-zone silicon.
The unannealed fraction fn of the carrier density is plotted as a function of an-
nealing time at room temperature (TA = 297°K) in Figure 71. The unannealed
fraction fn is given by Equation (28)
f = n0(TM) -n(TA,t)
n
 n0(TM)-nF(TM)
(28)
i
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Figure 71. Unannealed Fraction of Carrier Density vs Annealing Time for Four
Samples of Float-Zone Silicon Annealed at 297°K and Measured
at 80°K
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Figure 73. Unannealed Fraction of Reciprocal Mobility vs Annealing Time for
Four Samples of Float-Zone Silicon Annealed at a Temperature of
297°K and Measured at 80°K
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where no( TM ) is the carrier density measured at a temperature TM before ir-
radiation, n (TA, t ) is the carrier density measured at time t during the anneal-
ing cycle carried out at an annealing temperature of TA, and njr(T]y[) is the car-
rier density measured at a temperature TM immediately after irradiation and
before the annealing cycle is initiated. A similar equation was was used to cal-
culate f.. the unannealed fraction of the reciprocal mobility. A value of fn or
fn < 1 indicates an increase of carrier density or mobility, and a value of fn or
fM > 1 indicates a loss of carrier density or mobility. Measurements of carrier
density were made at a reference temperature of TM = 80°K. First order an-
nealing kinetics describe the behavior of the high density samples for approxi-
mately the first hour of annealing time. After this period of time, a second
stage of recovery took place which was unstable, and the carrier density de-
creased to some equilibrium level. Both samples H4-5 and H8-1 showed this
effect. Sample H5-5 could have behaved similarly, however measurements
were not made during the annealing time when this effect seemed to occur. This
sample was remeasured eight months after bombardment and the carrier densi-
ties and mobility were approximately the same values as shown in Figure 71 for
an annealing time of 80 hours. In complete contrast to the behavior of the three
other samples, H9-1 which was lightly doped with lithium (5 x 1014 Li/cm3) did
not indicate any increase in the carrier density as a function of annealing time
but rather a slight decrease at TA = 297°K. The behavior of the lithium concen-
tration during the annealing cycle can be inferred from the behavior of the car-
rier density measured at a temperature of 297°K assuming that the density of
deep acceptors NA is much less than ND the donor density. These measurements
are shown in Figure 72 where the unannealed carrier density fn versus annealing
time is shown for the same four samples. The three samples heavily-doped with
lithium (H4-5, H5-5, H8-1) exhibited a recovery of the lithium concentration
during the annealing cycle. This recovery has been explained in previous work
(Reference 20) as evidence for the instability of the LiV complex, and therefore
its subsequent dissociation which returns free lithium to the crystal. Results
obtained on sample H4-5 showed that the formation of some other defect involv-
ing lithium can also take place after dissociation occurs. It should be noted that
the fastest recovery was shown by the sample with the highest lithium concentra-
tion. Sample H5-5 had a lower lithium concentration than H8-1, but slightly
higher than sample H4-5 after bombardment. These results obtained on solar
cells Section II. In contrast to the behavior of the other samples shown in Fig-
ure 72 which were heavily doped with lithium, the carrier density of sample H9-1
decreased continuously as a function of annealing time. Thus a loss of lithium
as a function of time was observed on H9-1 instead of a gain in lithium concen-
tration as observed on the other samples of lower resistivity.
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2. Dependence of Mobility Changes on Resistivity
Hall and resistivity measurements made during the annealing cycles en-
able us to determine changes in the mobility which indicate the presence or ab-
sence of charge-scattering centers introduced by the electron bombardment.
The results obtained on the four samples are shown in Figure 73 where the un-
annealed fraction of reciprocal mobility fu versus annealing time at an annealing
temperature of 297°K is shown. Obviously, the measurement of the mobility
obtained on sample H9-1 is different than the measurements obtained on the
lower resistivity samples. These samples recovered within « one hour at a
rate which depended on the lithium concentration. That is, the faster recovery
was shown by the sample with the highest lithium concentration. In contrast to
this behavior, at the start of the annealing cycle, the mobility measured on
sample H9-1 decreased, and then it increased at a very slow rate for approxi-
mately 17 hours of annealing at 297°K. The mobility finally increased to its pre-
irradiation value after a total annealing time of 150 hours. The mobility did not
change significantly when the sample was annealed at a temperature of 373°K for
20 minutes following the room-temperature annealing cycle. It should be noted
that the mobility measured on sample H9-1 was completely dominated by lattice
scattering before bombardment. The room temperature value of mobility be-
fore irradiation was 1600 cm2/volt-sec and the value measured at 80°K was
15, 000 cm2/ volt-sec. These values of mobility are values for a sample of sili-
con which is very lightly doped with impurities, and with no significant contribu-
tion to the total mobility from charged-scattering processes. The recovery-
time dependence of the mobility on lithium concentration is in agreement with the
data of Figures 72 and 73. Recovery of the mobility demonstrates that electrical
neutralization of charged-scattering defects occurs during the room-temperature
annealing cycles. In previous work (Reference 20) the neutralization was de-
scribed as due to a complexing of lithium with a LiV~ acceptor so as to neutralize
the negative charge.
3. Low and High Temperature Anneal of High-Resistivity Float-Zone Silicon
Isothermal annealing of three silicon samples of 20 ohm/cm resistivity
and two samples of 10 ohm/cm resistivity samples was carried out at annealing
temperatures of 300°K and 373°K. Figure 74 shows the typical results obtained
on one of the 20 ohm/cm samples after annealing at room temperature (300°K)
for a total of 75 minutes, and at 373°K for 60 minutes. The unannealed fraction
of carrier density and the reciprocal of mobility are plotted versus the annealing
time. The time scale of the data taken during the 373°K annealing cycle was
multiplied by a factor of 150 so as to normalize this data to the results obtained
during the 300°K annealing cycle. An activation energy (Reference 7) of 0. 66 eV
was used to determine this multiplication factor. The two annealing tempera-
tures are indicated in Figure 74 where dotted lines connect the last data point
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at TA = 300°K to the first data point at TA = 373°K. The unannealed fractions
increase slowly with time for TA = 373°K. It appears that the higher annealing
temperature initially increases the supply of free lithium and subsequent recov-
ery of mobility occurs. However, the carrier density measured at both high
and low temperature decreased with time after the initial (t = 0) increase. A
remeasurement of this sample five months after bombardment showed that the
behavior in Figure 74 is unchanged, that is the carrier density measured at low
and high temperature is still decreasing and the mobility is still recovering.
This same phenomenon was observed in Q. C. silicon as will be shown. The
three samples of 20 ohm/cm silicon and the two samples of 10 ohm/cm silicon
displayed the same annealing properties.
4. Quartz-Crucible Compared to High-Resistivity Float-Zone Silicon
A sample of low-resistivity (0.3 ohm/cm ) quartz-crucible silicon was
bombarded and annealed at temperatures of 300°K and 373°K. The unannealed
fractions versus annealing time are plotted in Figure 75 together with the re-
sults obtained at TA = 300°K on sample H9-1 which is a sample of high-resistivity
(10 ohm/cm ) float-zone silicon. The time scale of the quartz-crucible data
taken during the 373°K anneal was multiplied by a factor of 2000 which was an ex-
perimental factor determined from the behavior of Q. C. silicon measured over
a long period of time (540 days). The dotted lines indicate the start of the an-
nealing cycle at 373°K. The similarity in the speed of response, and in the be-
-havior-of-car-rier-density-and-mobility_injhe^_twp samples^should^be_compared to
the annealing properties of low-resistivity F. Z. samples shown in Figures 71,
72, and 73. High-resistivity float-zone silicon appears to behave similarly to
low-resistivity quartz-crucible silicon during annealing cycles. It should be
noted that the oxygen concentration in the F. Z. samples is < 1014 cm"3 which is
now comparable to the lithium concentration in the 10 to 20 ohm/cm samples.
5. Long-Term Annealing Effects
The above results on the annealing effects in lithium-containing quartz-
curcible and float-zone samples with low lithium concentrations showed a dis-
turbing property, namely, the continuous loss of carrier density (measured at
low and high temperature) as a function of time in irradiated samples annealing
at room temperature. Several of these samples were remeasured after a long
annealing time, and the carrier densities measured as a function of time are
shown in Figure 76 for three samples. Two float-zone samples were doped to
a low and a high concentration respectively, and the quartz-crucible sample
contained a high concentration of lithium. It appears that the loss of carriers
has finally ceased to occur in the quartz-crucible (> 2 years) and low-lithium
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Samples of Float-Zone and Quartz-Crucible Silicon.
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density sample of float-zone silicon. Thus, the precipitation-like process which
produces a charge-neutral defect-complex appears to equilibrate. The behavior
of the other sample of float-zone silicon is typical of the more heavily doped
samples, namely, an initial dissociation of defects with an increase of carrier
density with subsequent attainment of equilibrium over the long term period
(.Reference 20). However, it should be noted that quartz-crucible solar cells,
measured over the time span in which carriers are lost in the bulk samples,
experience no loss in open circuit voltage.
6. Activation Energy for Recovery
. Following the completion of the bombardments, the float-zone samples
doped to 3 x 101? Li/cm3 were annealed at temperatures ranging from 250°K to
300°K. Hall and resistivity measurements were obtained on these samples as
a function of time and measurement temperature. The time to half recovery,
tR of the mobility (TM = 79°K) was determined from these annealing cycles,
and the reciprocal of this quantity is shown in Figure 72. The error in the
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Figure 77. Reciprocal Half Recovery Time of the Mobility in Electron Ir-
radiated Float-Zone Silicon vs the Reciprocal Annealing
Temperature. Measurements of Mobility at 79°K. Activation
Energy E^ for the Recovery Process is Indicated. Initial
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measurement is large at the higher temperatures since the sample recovered to
its original value of mobility in less than a minute at 300°K. Nevertheless, the
activation energy determined from the slope of curve is 0.68 eV which is close
to the activation energy (0.66 eV) for lithium diffusion in oxygen-lean silicon
measured by Pell (Reference 7) and also reported in Section V in measurements
made on solar cells.
E. DISCUSSION OF RESULTS
The irradiation-temperature dependence of the production rate of impur-
ity complexes in silicon has been explained (References 32 and 33) by a model
based on the formation of close-spaced interstitial-vacancy pairs by electron
bombardment. This model yields a probability PC, of vacancy liberation from
the interstitial to form vacancy-impurity defects described by Equation 29,
VH-20
PC = 1 + g exp
(EF (n0> t) -EM)
kT (29)
where g is the ratio of the number of ways the state can be occupied to the
number of ways the state can be unoccupied, EF(no, t) is the Fermi level for
electrons which is a function of initial carrier concentration no and temperature
T, and EM is the energy level of the metastable interstitial-vacancy pair.
The data of Figures 63 and 64 were replotted in Figures 78 and 79 where the
carrier-removal rates were normalized at a bombardment temperature of 200°K,
and the ordinate of the curves is labeled as the probability of defect formation.
Equation (29) was used in an attempt to fit the data of Figures 78 and 79. The
results indicate that there is not a unique pair of values for the parameters g
and EM which will satisfactorily fit the data obtained on the float-zone samples
over the three orders of magnitude range in lithium concentration. The best
value of EM appears to be « 0. 09 eV, but several values of g are required to
fit the entire range of concentrations. In addition, the values of g are small
(as low as 10~3)Wd thus not physically reasonable. This model does not ap-
pear to be the complete description of defect production mechanisms in lithium-
doped float-zone silicon over this range of concentrations.
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The attempts at curve fitting were more successful with the quartz-crucible
samples. In this case, EM = 0. 07 eV and g = 0.1 gave a reasonablt fit over the
two orders of magnitude in lithium concentration of these samples. This higher
value of g is more physically reasonable and the lower value of EM is in agree-
ment with the value used by previous investigators (Reference 32) in fitting their
data obtained on phosphorous-doped silicon. Our investigations have shown that
the oxygen-vacancy defect is the dominating carrier-removal center in the lith-
ium-containing silicon. Thus, it is reasonable to expect that these samples
would behave similarly to the phosphorous-doped (5 x 1014 P/cm3, p = 100cm)
quartz-crucible silicon as our data indicates.
It is quite apparent that oxygen plays an important role in the formation of car-
rier-removal defects, and that the dominating defects are different in these two
types of silicon diffused with lithium. The difference of the carrier-removal de-
fect in these two types of silicon is deduced from the difference in the slopes of
the temperature dependence curves, and also the difference in the dependence
of the saturated value of An/A$ on lithium concentration as shown in Figures
63 and 64.
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The minimum in the carrier-removal curve of Figure 65 is a very unusual re-
sult. There is sufficient experimental evidence (4 samples) to support the valid-
ity of the measurement but such a phenomenon has not been observed by other
workers. In addition, the carrier density versus temperature curves indicate
the existence of a defect level or levels close to the bombardment temperature
where the minimum occurred. As final confirmatory evidence, we can quote the
experiment where a pristine " J" sample was initially bombarded at TB = 95°K
and did not exhibit this minimum An/A$» but the value of 0. 092 cm"1 which is
more like the expected value. Obviously the existence of this previously un-
known defect level has a strong influence on the rate of carrier-removal which
occurred when the bombardment temperature located the Fermi-level close to
the defect energy level. If the defect is an acceptor, then at best the Fermi-
level could alter the net carrier density by the magnitude of the defect density.
All the acceptors are filled and emptied of electrons by the passage of the Fermi-
level through the acceptor level. The defect density was not great enough to
change the effective carrier density by more than a factor of two. The value of
An/A$ ifi unaffected by a change in carrier density of this amount, thus it is not
clear why An/A$ decreased so much. This effect was substantiated by the car-
rier density changes versus measuring temperature, shown in Figures 67 and
68 which clearly indicate that a defect level was introduced during bombardment.
The spread of the energy level over such a wide temperature range makes the
calculation of the level position uncertain. There can be more than one energy
level within the temperature range of 100°K to 190°K due to this unknown defect.
A discrete energy level would be effective only if the Fermi level was within
_±2 kT _of it§_ position.^ This corresponds to^the^ defect level being 88 percent filled
to 12 percent filled. Assuming that the level is discrete, the position of theT
energy level was calculated using Equation ( 30 )
ND-
where
00)
is the position of the defect energy level below the conduction band,
is the temperature at which half of the traps are filled,
is the trap density,
is the donor density,
k is Boltzmann constant, and
NC is the density of available states in the conduction band.
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The energy level, EX, was calculated to be 0.14 eV with Tj/2 = 146°K. EX ±2 kT
is equal to 0.163 or 0.117 eV. The Fermi-level is located approximately at these
energies for T = 170°K and 124°K. These limits indicate an effective tempera-
ture spread of 46°K whereas the experimental results indicate a spread of 90°K.
This calculation suggests that there is more than one level. The completion ex-
pression was also used to fit curve II and to obtain a value of EX- Equation (31)
is the relationship which was used.
n 2 + n [NX - ND + NC exp (ET-E c) /kT] -NDNC exp (ET - Ec) kT = 0 (31)
All the quantities in Equation (31) were defined before except for n which is the
carrier density and EC which is the energy of the conduction band. The best fit
to curve II of Figure 67 for a temperature range of T = 100°K to 190°K was ob-
tained for EX = 0.115 eV, NX = 5.8 x 1013 and ND = 1. 08 x 1014 cm'3, this value
of EX is closer to the value suggested by the results shown in Figure 65. Since
the minimum in the c arrier-removal curve occurred at 95°K, it can be concluded
that the Fermi-level must be close to the effective defect energy level. The
Fermi-level was calculated to be at« 0. 085 eV ±2 kT where 2 kT = 0. 016 eV.
Thus, this calculation indicates the level is located near EX = 0.1 eV. Whether
or not lithium is involved in the formation of this defect cannot be deduced from
the present experiments. The defect could involve lithium, a vacancy, and/or
oxygen since the lithium concentration is comparable to the oxygen concentra-
tion (< 1014 cm"3) in these high resistivity samples. Thi^ defect level cpuld
have been present in the low-resistivity (0.3 ohm/cm) samples, but could have
been undetected because of the greater density of other lithium-containing de-
fects (e.g., LiV). Since this unknown defect formed during low temperature
bombardments (78° to 90°K) as well as high temperature (90°K to 250°K), it
must be formed by the trapping of mobile vacancies at impurity sites. The va-
cancy is mobile at 80°K whereas the interstitial is not mobile unitl T « 140°K
and all impurities are frozen in the lattice for temperatures in this range. It
is interesting to note that Stannard (Reference 36) reported finding a defect level
at EX = 0.13 eV in irradiated float-zone silicon doped with lithium to a concen-
tration of 1 x 1014 Li/cm3 after room temperature annealing. However, his ex-
periment indicated that the defect was a donor. In our previous work (Reference
20) a defect level located at« 0. 08 eV was observed in the measurements made
on quartz-crucible samples after room temperature annealing. All of these
levels may be due to the same defect. The A-center located at 0.186 eV is the
only well-identified center that comes close to the energy of this unknown de-
fect, but it is outside the experimental error of the energy determination. It
was shown (Reference 20) that a carrier-removal center located at an energy
of 0.18 eV is the dominant damage center. Lithium paired with oxygen did not
appear to form carrier-removal centers in any significant number, however
lithium did interact with and neutralize defect centers located at energies of
0. 08 and 0.18 eV.
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The results shown in Figures 69 and 70 clearly show that at least one and pos-
sibly two defects located at« Ec - 0.18 eV and « Ec - 0.13 eV are introduced
during bombardment of lithium-containing quartz-crucible silicon. The defect
located at EC - 0.18 eV is most likely the A-center. A defect level located at
EC - 0.12 eV was observed in float-zone silicon of high resistivity. It is con-
jectured that this level is the LiOV or L2 center which could be the same level
shown in Figure 70. The results of Figures 69 and 70 show that the carrier
density measured at TM = 300°K decreased during annealing cycles at TA = 300°K
and the carrier density measured at TM « 80°K increased during this time. This
effect has been observed in measurements that were made on « 14 samples of
quartz-crucible silicon doped with lithium to concentrations from 2 x 1015 to
2 x io16 Li/cm3. If a single lithium donor neutralizes a single defect (OV~ or
LiOV" ), then the net change of carrier density is zero. Assuming that two lith-
ium donors are required to neutralize a single defect implies that a decrease in
carrier density should be measured at low temperature. Neither one of these .
explanations agree with the experimental results. A decrease in carrier den-
sity was observed only on samples which had been annealed at high temperature
(e. g., 373°K). In this situation, the loss of donor density was severe. The
same condition is achieved by a high level of damage when the electron fluence
is approximately equal to or exceeds the lithium concentration (bombardment
temperature 2 200°K). It appears that a stepwise process occurs in which a
single lithium neutralizes the defect and then additional complexing of lithium with
the neutralized defect occurs. Simultaneous with the first processphere must also be
some other competing mechanism or mechanisms, since a single lithium ion com-
—plexing.with a.defectjwilLnot produce any nejt-change in carrier-density. The time de-
pendence of this multiple complexing process is illustrated by the'annealing resultsT
The carrier-density changes observed in sample H9-1 (5 x IO14 Li/cm3) during
the annealing cycle at TA = 297°K were not similar to those changes observed in
the more heavily-doped samples which showed a recovery (neutralization of ac-
ceptors ) of the carrier density as measured at low temperature, and an increase
of lithium concentration (dissociation of defects) during the annealing cycle. This
behavior of sample H9-1 continued until the annealing temperature was increased
to 373°K, then the apparent acceptor density decreased and the free lithium con-
centration increased. In contrast to this behavior, the mobility recovered as the
apparent acceptor density increased slightly. However, this slight increase is
within the experimental error; It should be noted that the Fermi level at room
temperature in this high-resistivity sample (H9-1) is located deep in the for-
bidden gap and therefore, the number of ionized donors is larger at low tempera-
ture (80°K) than in the low-resistivity samples. Approximately 96 percent of
the lithium donors are ionized at TM = 80°K compared to 50 percent in previous
samples. Thus, the sensitivity of the measurements to the introduction or an-
nealing of acceptors is reduced. The complete recovery of the mobility indi-
cated that neutralization of charged scattering centers had taken place without
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the necessity of increasing the annealing temperature to 373°K. A theoretical
treatment of diffusion-length recovery in lithium-containing solar cells as a
function of time after irradiation was given in earlier work (References 23 and
37). The analysis is based on a diffusion-limited-kinetic model where unequal
concentrations of the annealing species are present. In the present work, the
annealing processes consist of neutralization of charged-carrier-removal centers.
The neutralization process of annealing in low-resistivity F.Z. silicon appears
to be approximately a first order kinetic process for the first hour which can be
described by Equation (32):
(f)-1 = exp 4ir r0 DLNLt (32)
where f is the fraction of unannealed defects, ro is the capture radius (cm )
DL is the diffusion constant of free lithium (2 x 10~14 cm2/sec ), and NL is the
lithium density (cm~3) . The time constant 1/477 ro DL,NL decreases with an in-
crease of lithium concentration, thus the recovery or neutralization of defects
will be faster in the lower resistivity samples. This agrees with the experi-
mental results shown in Figure 73. Recovery of mobility measured on samples
H4-5 and H5-5 were plotted on semilog paper and the initial slopes of the curves
were determined to be 0.049 and 0.026 min"1, respectively. Using the free-
lithium diffusion constant, the lithium densities measured immediately after ir-
radiation, and these values of the slopes, capture radii were calculated to be 76
and 95 angstroms. This indicates that the capture cross-section is very large
(« 10~12 cm 2 ) and it may not be physically realistic. However, the theory does
agree qualitatively with experiment in predicting the dependence of recovery
speed on the lithium density.
Comparison of low-resistivity (0.3 ohm/cm) quartz-cricuble silicon to high-
resistivity (10 to 20 ohm/cm) float-zone silicon shows that both types of silicon
have similar annealing properties. Mobility increases slowly at room tempera-
ture and faster at a temperature of 373°K, whereas the carrier density measured
at low and high temperature decreased. Dissociation of defects during room-
temperature annealing with an increase in carrier density measured at room
temperature did not occur in the high-resistivity samples. In contrast to this
result, the dissociation of defects has always been observed in irradiated and
annealed F. Z. samples which varied in lithium concentration from 3 x 1015 to
2 x 1016 cm"3. The continuous decrease of carrier density at room temperature
which was observed in samples of Q. C. and F.Z. silicon of high resistivity
cannot be attributed to the formation of acceptors since the simultaneous recov-
ery of mobility rules out this possibility. The mechanism of carrier loss can
be attributed to a multiple complexing of lithium at a neutralized defect site
which could be described as a precipitation process. As previously stated, this
behavior has been observed in measurements that were made on « 14 samples
of Q. C. silicon doped with lithium to concentrations from 2 x io15 to 2 x 1016
Li/cm3.
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The speed of recovery of mobility in the irradiated Q. C. samples was evidently
much slower than in the oxygen-lean F. Z. silicon. This is in agreement with
the description given by Equation (33) or the time dependence of the recovery
process, since the presence of oxygen considerably reduces the free-Lithium
diffusion constant. Equation (33) gives the effective diffusion constant (Refer-
ence 5 ) as modified by oxygen,
Dv (33)
where C is a rate constant equal to 1015 cm 3 at room temperature, [o] is the
oxygen concentration and Dp is the free-lithium diffusion constant (2 x 10~14
cmVsec ). If we assume that the oxygen concentration is at least 1017 cm"3 then
the speed of recovery would be reduced by a factor of 100 in Q. C. silicon com-
pared to F. Z. silicon. Comparison of the results in Figures 71, 72, 73, with
Figure 75 indicates that this factor of 100 is approximately the correct order of
magnitude for the radio of time constants obtained on the two types of silicon.
The long-term annealing effects shown in Figure 76 are important since they in-
dicated that the carrier density changes will finally equilibrate in lightly doped
float-zone silicon or in the more heavily doped quartz-crucible silicon after a
sufficiently long annealing time. This behavior is observed only under the con-
ditions of these irradiations, namely the damage level was not large compared
to the .lithium _c one en tration^. Tjie_author_and other investigators (Reference
35) have observed that after large fluences the loss of carriers~doies""riot"equili^r~
brate, and the samples will return to the starting resistivity of the silicon be-
fore diffusion with lithium. This applied to both float-zone and quartz-crucible
silicon.
The activation energy measurements shown in Figure 77 demonstrated again in
agreement with the detailed measurements obtained on solar cells (Section V )
that the diffusion of free lithium is definitely related to the recovery process.
This conclusion applies to the short-term recovery period, that is within the
first few minutes or hours following bombardment.
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SECTION VIM
CONCLUSIONS AND RECOMMENDATIONS
A. SOLAR CELLS
The establishment of the lithium-containing p/n solar cell as a competitive
alternative to the presently-used n/p solar cell requires the completion of four
tasks: 1) identification of the physical parameters which determine cell perfor-
mance, 2) establishment of the relationships between these parameters and
cell performance before irradiation and in the radiation environment, 3) estab-
lishment of unique relationships between these parameters and cell fabrication
parameters and 4) proof of a superior performance level for the lithium cell in
the radiation environment.
Solar-cell efforts under this contract consisted of the testing and analysis of
lithium cells furnished by JPL under a 1-MeV electron radiation environment.
Its aims were to contribute to the completion of tasks 1) and 2), to check for
the existence of the relationships suggested in task 3), to evaluate lithium cell
performance in comparison with that of n/p cells, and to provide information to
the cell manufacturers on the proper approach toward achieving tasks 3) and 4).
The basic conclusions are listed below together with the impact they have on
these tasks.
—1)—Performance.—At the present_state-of-_theiiart,_the^s_ilicqn type^used is
critical to the performance of the lithium cell. Oxygen-rich cells, fabricated
from quartz-crucible silicon, have generally (14 out of 17 lots received since
January 1970) had pre-irradiation and post-recovery performance levels above
those of simultaneously tested commercial lOn-cm n/p cells. The oxygen-lean
(float-zone and Lopex) cells have usually (7 out of 9 received since January
1970) performed at lower levels than the n/p cells. The advantage that the
oxygen-rich lithium cells have over the n/p cells is due mainly to a higher open-
circuit voltage, the short-circuit-cur rent levels for both being comparable both
before irradiation and after recovery. (There is, however, a lithium-density
dependence of both current and voltage; see below.) The advantage in maximum
power amounts to 10 percent or greater after recovery from 1-MeV electron
fluences of 3 x 1013 and 3 x 1014 e/cm2. This 10 percent advantage is maintained
after recovery from high fluences (3 x 1015 e/cm2) only by cells with sufficient
lithium doping (lithium gradients greater than approximately 5 x 1018 cm"4'
This is because the advantage in open-circuit voltage which unirradiated lithium
cells have over n/p cells is maintained after recovery from high electron fluences
(> 1015 e/cm2) only by lithium cells with relatively heavy doping (lithium gradient
>5 x 1018 cm"4) . The oxygen-lean cells perform below the n/p levels mainly due
to lower short-circuit current.
VIH-i
2) Lithium density. The lithium density in the base region of the cell, which
varies with distance from the junction, has been characterized by a single
parameter, the slope of the lithium density profile or lithium donor density
gradient, dNL/dw. This single-parameter density description was made pos-
sible by the observation (from capacitance measurements on hundreds of
lithium cells) that the slope of the lithium density profile near the junction is
constant for all but the most heavily doped cells (dNL/dw ^lO20 cm-4) . The
lithium gradient provides the single most important physical parameter (other
than the oxygen density, determined by the silicon type) in the lithium cell.
Measurement of this parameter provides a reliable basis for the prediction of
cell performance in a 1-MeV electron radiation environment (task 2) . Lithium
gradients in most practical cells ranged from approximately 1 x iO17 cm"4 to
5 x IO19 cm'4.
3) Parametric relationships (see Tables V and VI in text for a summary) .
Quantitative relationships between the lithium gradient, 1-MeV electron fluence,
and many cell performance parameters, derived from extensive measurements
on large numbers of cells, provide the basis for prediction of cell behavior
(task 2) . Prediction based on these results would require only the nondestructive
capacitance measurements from which the lithium gradient is calculated. For
both oxygen-rich and oxygen-lean cells the following relationships were estab-
lished: (a.) recovery speed is linearly proportional to the lithium gradient; (b)
the diffusion length damage coefficient immediately after irradiation varies
with the square root of the lithium gradient; (c) open-circuit voltage before
irradiation, immediately after irradiation, and after recovery all increase
logarithmically with lithium gradient; (d) the damage coefficient immediately
after irradiation varies approximately logarithmically with fluence, decreasing
with increasing fluence, and is approximately twice as large in oxygen-lean cells
as in oxygens-rich cells; (e) the recovery speed varies inversely with fluence
raised to the 0.59 power; (f) the activation energies for recovery were measured
to be 0.66 eV and 1.1 eV in oxygen-lean and oxygen-rich cells respectively.
(These are the values which Pell (References 5 and 7) has published for the
diffusion constants of lithium in these two types of silicon.) (g) maximum power
after recovery (oxygen-rich cells) is strongly dependent on gradient only after
high fluence (3 x 1015 e/cm2) in which case the trend is toward increased power
at higher gradients.
4) Stability. A significant fraction of oxygen-lean cells suffer from post-
recovery loss in short-circuit current (redegradation) which results in power
losses (as measured from the peak recovered value) ranging to greater than
10 percent. The speed, and, to a limited degree, the extent of redegradation
are directly proportional to the lithium gradient and inversely proportional to
the fluence. Other instabilities also occuring in isolated oxygen-lean cell lots
include open-circuit voltage loss due to carrier flow into the junction and curve
power factor loss due to degradation of forward-bias diode characteristic.
These last two instability modes occur in both irradiated and unirradiated cells.
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The oxygen-rich cells ("which recover at room temperature at a rate 100 times
slower than the oxygen-lean cells, and at 80° C at approximately the same rate
as the oxygen-lean-cell room-temperature rate) are much more stable both at
room temperature and at 80° C for a given storage time than are the oxygen-
lean cells at room temperature. The average short-circuit current loss suffered
by 70 crucible cells after recovery during one year's equivalent storage time at
80° C was approximately 1 mA (less than 2 percent) . This loss was inversely
proportional to fluence but displayed no gradient dependence.
5) Density Control. To accomplish task 3 it is necessary for a unique rela-
tionship between the lithium gradient and the lithium diffusion schedule to exist.
Unfortunately, as shown in Section IV, no such unique relationship exists at
this time. The problem is twofold (a) for a given diffusion, intolerably large
cell-to-cell differences in gradient occur: up to a factor of 70 between the
highest-and lowest-density cell of a given lot, and (b) for a given diffusion
schedule, the gradient range is not always reproducible (Figures 39 and 40) .
This is a problem in present lithium cell development which must be overcome
if the lithium cell is to be competitive.
Comparison of the gradient ranges for different cell lots undergoing lithium
diffusion at the same temperature show the lots with shorter diffusion time to
have a narrower gradient spread and higher average gradient. This led to the
hypothesis that the lithium source is being lost to the cell during diffusion.
This hypothesis should be tested by the manufacturers. • . . - . - .
J3JL Initial performance and diffusion schedule. Lithium diffusion schedules and
performance can be relatedl.n~a "genefairway; In~crucible-cells long-duration,
low-temperature diffusions (180 to 480 minutes at 325 to 375° C) with no re-
distribution and shorter-duration high-temperature diffusion (60 to 90 minutes
at 425° C) with long redistributions (120 minutes at 425° C) have consistently
yielded high performance cells. The performance of oxygen-lean cell lots
employing low temperature diffusions (350 to 375° C) was not good (possibly
due to very high lithium gradients) ; cell lots using a 425° C diffusion followed
by a 120 minute redistribution had better initial performance. Both oxygen-
rich and oxygen-lean lots using high temperature (^400° C) diffusions with no
redistribution had poor initial performance.
7) Mission Compatibility. Since slow recovery is the one possible disadvant-
age of the oxygen-rich cells, criteria were established for minimum acceptable
lithium gradient to achieve sufficiency of recovery speed for a given orbit
temperature and mission fluence. The results indicate that sufficiency can be
achieved for a one year's mission fluence of 3 x 1015 e/cm.2 with gradients
1 x 1019 cm"4 if the solar panel temperature is above approximately 50° C. This
1-MeV electron fluence corresponds to a rather severe earth-or bit radiation
environment. Solar panel temperatures in earth orbit usually range above
50° C except during the portion in the earth's shadow.
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8) Optimum Lithium Cell. In the radiation environment of these experiments
a general outline of the optimum lithium cell for a 1 year mission with orbit
temperatures above 50° C is as follows:
Silicon type: Quartz-crucible
Starting dopant: phosphorus
Starting resistivity - 20 to 4012-cm
Lithium gradient:
5 x 1018 cm"4 for 0 < 1 x 1014 e/cm2
1 x 1019 cm'4 for 0>i x 1014 e/cm2
Lithium diffusion schedule: within the realm of
conclusion 6) above but can't be specified until
task 3) is completed.
It should be noted that the starting dopant is specified as phosphorus. This
is important because improper choice of starting dopant can result in greatly
reduced recovery speeds. This was found to be the case when antimony was
the starting dopant.
The crucible-grown lithium cell outlined above has been shown to out-perform
commercial lOfi-cm n/p cells in a 1-MeV electron environment by approximately
10 percent in maximum power, provided the cell temperature is above 50° C.
For orbit temperatures below 50° C the competitiveness of lithium cells is at
present questionable due to insufficient recovery speed in oxygen-rich cells and
the unsolved stability problems in oxygen-lean cells.
9) Since previous results under heavy-particle irradiation (References 27 and
28) show the lithium cell to have a potentially commanding advantage over con-
ventional cells in a proton dominated environment, a solar-cell degradation
analysis was made for such an orbit based on projected missions in the Atmo-
sphere Explorer series. The results, based on approximate damage factors
derived from the limited heavy-particle data, indicate that lithium cells with
18 mils coverglass shielding should degrade less rapidly than ln-cm n/p cells
with 54 mils coverglass shielding.
10) Summary. To briefly summarize the above conclusions: (a) the quartz-
crucible lithium cell with phosphorus starting dopant and lithium gradient be-
tween approximately 5 x 1018 and 1.5 x 1019 cm"4 has performance levels
approximately 10 percent above commercial lOfl-cm n/p cells. It maintains
this advantage after recovery for 1-MeV electron fluences up to 3 x 1015 e/cm2.
(b) The recovery speed of the crucible lithium cell is sufficient for fluences
up to 3 x 1015 e/cm2 in 1 year for temperatures above 50° C providing that the
proper lithium gradient is chosen, (c) The oxygen-lean lithium cell can not
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at this time be considered competitive with the n/p cell for ordinary missions
due to spotty initial performance and instability problems, (d) The oxygen-rich
and to a lesser degree the oxygen-lean lithium cell behavior in an electron
environment can be accurately predicted using the parametric relationships
developed in this work. All that is required for this is a knowledge of the silicon
type and starting dopant, and the lithium gradient which is calculated from non-
destructive capacitance measurements, fe) General guidelines have been
established between lithium diffusion schedule and initial performance. However,
further effort is required to establish unique relationships between diffusion
schedule and the lithium gradient, which determines cell behavior in the radiation
environment.
B. BULK SAMPLE MEASUREMENTS
The simple close-pair vacancy-interstitial model does not completely
describe the dependence of defect introduction on temperature and resistivity in
 :
lithium containing float-zone silicon. Better agreement of. the model with
experimental results is obtained in samples of lithium-containing quartz-crucible
silicon.
The saturated rate of carrier-removal (An/A 0cm"1) SAT appears to increase
with decreasing lithium concentration. This suggests that the lithium combined
with oxygen so as to limit the oxygen concentration available for A-center for-
.mation_andJhe .intrpduetipn rate_o£the LiOV center is lower than the A-center
introduction rate. This explanation agrees witlTthe results^obtained on"high"
resistivity (10 to 20 ohm/cm) float-zone silicon (An/A3» = Golem"1 at
saturation) .
In contrast to this result, the rate of carrier-removal (An/A^cnv1) SAT
increases with an increase of lithium concentration in float-zone silicon. It
appears that the LiV defect dominates the electrical properties of low resistivity
float-zone silicon, and its introduction rate increases as the concentration of
lithium increases.
A defect located at « Ec - 0.12 eV is produced by electron bombardment of
oxygen-lean float-zone silicon of high resistivity (2 x 1014Li/cm3) at low temper-
atures. The defect survives in modified form at room temperature. This
defect may possibly also be produced in low-resistivity silicon but at a reduced
rate, so that it is undetectable. This particular defect level would not influence
the electrical characteristics of solar cells operating at room-temperature un-
less the lithium concentration in the cell was very high. Then the Fermi-level
would be located at an energy of 0.12 eV at 300° K, and this defect would affect
solar cell operating characteristics. However, stability requirements would
limit the lithium concentration before this concentration was used.
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In agreement with previous results (Reference 2), defects located at an energy
of «EC - 0.18 eV and «Ec - 0.13 eV were measured in quartz-crucible silicon
of moderate resistivity (2 x 1015 Li/cm3) bombarded by electrons at temperatures
from 78° K to 200° K. Both of these defects anneal at room temperature by the
interaction of lithium with the defects. These defects would only influence the
electrical characteristics of solar cells operating at room temperature if the
lithium concentration in the cell was adjusted so as to locate the Fermi level
within 2KT of the defect energy level.
There is no evidence of any dissociation of LiV dama'ge centers during the
annealing cycle of the high-resistivity (10 to 20 ohm/cm) F. Z. samples at a
temperature of 300° K. The damage centers responsible for carrier-removal
in high resistivity F. Z. silicon are stable, that is; dissociation of damage
centers does not occur; however, a "precipitation like" process which forms
neutral complexes of lithium atoms does occur. These properties are in
agreement with the results obtained on Q.C. samples (2). In addition, the
annealing processes and the carrier-removal rates measured at temperatures
of 100°K to 200°K on high-resistivity F. Z. samples suggest that this type of
silicon behaves like Q. C. silicon. It appears that the concentration of oxygen
relative to the concentration of lithium determines the annealing properties.
The Hall bar experiments suggest, in agreement with the conclusions of stability
studies on solar cells, that the lithium concentration can be high (2 x 1016 Li/cm3)
in Q. C. silicon without producing unstable defect centers and annealed-defect
centers. In contrast to this, the concentration of lithium in F.Z. silicon must
be limited to a value less than «10I5Li/cm3 to achieve stability. This lower
concentration of lithium also produces lower carrier-removal rates in Hall
samples made from this type of silicon.
Annealing results obtained on the quartz-crucible Hall bars suggest that several
competing processes take place during the post-bombardment period. The short-
term annealing results cannot be explained on the basis of a single or a double
lithium ion neutralizing a defect. Over a long period of time following bombard-
ment, the results can be explained as due to a multiple complexing by many
lithium ions at a defect center so as to produce an uncharged complex. Equi-
librium and stability of the carrier density is possible after long term annealing
at 300° K in irradiated quartz-crucible (^2 years) or lightly doped (2 to 5 x 1014
Li/CM3) float-zone silicon (*?i year) . This is an important conclusion relative
to the question of solar cell stability.
Further evidence of the relationship between diffusion of free lithium and re-
covery of damage was obtained. This was deduced from the activation energy
for recovery of mobility, namely 0.68 eV measured in lithium-containing float-
zone silicon.
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The experimental results suggest a radiation damage and annealing model to
explain these.results. However, it must be noted that this is a microscopic
model deduced from purely macroscopic data. It is suggested that the dominant
damage center in low-resistivity float-zone silicon (iO15 to 1016 Li/cm3) is the
Li center which is described by Equation (34):
Li +V^r±-LiV~ [Ll-center] (34)
One of the observed (Reference 20) annealing mechanisms is the dissociation of
the Li center, thus Equation (34) is written with a double arrow indicating that
an equilibrium exists between the formation of the defect center and the dis-
sociation of this center. In addition to the dissociative mechanism of annealing,
there is the mechanism of neutralization by which lithium complexes with the Li
center. This process is described by Equation (35):
LiV~ + Li ^z±- Li2V [annealed Li Center] (35)
Equatior (35) is written with a double arrow so as to indicate that the annealed
Li center is unstable and the reaction can proceed in the reverse direction.
The redegradation is caused by this reverse process.
The dominant damage center in high resistivity (^5 x i014Li/cm3) float-zone
silicon appears to be the L2 center which is given by Equation (36):
_, ; LiO _jf V~—»> LiOV~ [L2-center] (36)
The annealing of the L2 center takes place by means of the mechanism of neu-
tralization described by Equation (37):
LiOV~ + Li '—•> li2OV [annealed L2 center] (37)
In quartz-crucible silicon, the dominant center (Referenced) appears to be
the A-center in samples with lithium concentrations from'1015 to 2 x l016Li/cm3.
The formation of the A-center is described by Equation (38) :
O + V~_>OV~ [A-center] + e~ (38)
In the samples with higher lithium concentrations or samples bombarded by
higher fluences, the production of the Li and L2 centers will contribute to the
total damage. It is necessary to postulate that lithium continues to complex
with annealed defect centers during the post-irradiation period of annealing
since our results showed that the mobility recovered as a function of annealing
time, but the carrier density continued to decrease at the same time. Thus, a
possible mechanism to describe this defect is given by Equation (39):
• * • • + - r 1 ~Li + Li + V [A-center] +e —> ne + Li2OV
[annealed L2 center] + Lin +—* LiQ+2OV ( '
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where the subscript n indicates that more than one lithium ion can complex
with the annealed A-center. This mechanism will also apply to the neutrali-
zation of the L2 center as given by Equation (40):
LiOV~ JL2-center! + Li—»-ne~+ Li2OV [annealed L2 center! + Li^-Li OV (40)
Equations 37, 39, and 40 will be modified by competing single and double lithium-
ion interactions as explained in the discussion. In addition, some unknown
annealing processes must also compete since any combination of single and
double processes cannot explain the increase of carrier density (TM = 78° K)
during room temperature annealing of quartz-crucible samples. In contrast to
this conclusion, the results obtained on the high-resistivity (10 to 20 ohm/cm)
float-zone silicon can be explained only by a multiple lithium-ion process des-
cribed by Equation (49) where the intermediate single lithium process is omitted.
C. RECOMMENDATIONS
In addition to the obvious need for extensive flight testing of lithium cells,
additional effort in both cell fabrication and radiation testing and analysis is
suggested by the results of this work:
1) Cell Fabrication - A unique relationship must be established between fabri-
cation parameters (lithium diffusion schedule) and the test parameters (princi-
pally lithium gradient) which determine cell performance in a radiation environ-
ment. This requires a fabrication effort to establish procedures yielding re-
producible and predictable levels of lithium doping.
2) Radiation Testing and Analysis - Lithium-cell testing should be extended to
a range of electron energies and to protons of various energies. The parametric
basis for the investigations should be those developed in the present work. The
goal should be to include two additional variables; i.e., particle type and energy,
into the formulations already evolved for 1-MeV electrons.
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SYMBOLS AND DEFINITIONS
C - Centralab
H - Heliotek
T or TI - Texas Instruments
F or FZ - Float-zone
L - Lopex
Q or QC - Quartz Crucible
- Diffusion constant of lithium
) - Fermi level for electron
- Energy level of close-pair metastable state
- Recombination level
Isc - Short-circuit current
I(O) - Short-circuit current immediately after irradiation
I(R) - Short-circuit current after recovery
KL - Diffusion length damage coefficient
KL~(O) '•- --- Damage-coefficient immediately-after. irradiation _
KL(R) - Damage coefficient after recovery
Kj- - Lifetime damage constant
L0 - Diffusion length before irradiation
L(O) - Diffusion Length immediately after irradiation
L (R) - Diffusion Length after recovery
Nc - Density of available states in conduction band
Nv - Density of available states in valence
NQ - Donor density
~ Donor density at edge of depletion region
- Lithium donor density
dNL/dw - Lithium donor density gradient
P - maximum power
P(O) - Maximum power immediately after irradiation
SYMBOLS AND DEFINITIONS (Continued)
P (R) - Maximum power after recovery
Pc - Probability of vacancy liberation from interstitial
S - Recovery slope
TA - Annealing temperature
Tjj - Bombardment (irradiation) temperature
TM - Measurement temperature
VQC ~ Open-circuit voltage
V(O) - Open-circuit voltage immediately after irradiation
V(R) - Open-circuit voltage after recovery
fn - Unannealed fraction of carrier density remaining
f^ - Unannealed fraction of carrier mobility remaining
(fr) ~* - Reciprocal fraction of damage remaining
g - Ratio of number of ways the state can be occupied to the
number of ways state can be unoccupied
n0 - Thermal equilibrium electron concentration
nj - Fictitious electron concentration if Fermi level is at E-p
Po - Thermal equilibrium hole concentration
Pj - Fictitious hole concentration if Fermi level is at EX
ro - Capture radius for lithium by a defect
t - time
tr - time to half recovery of mobility
w - distance from p/n junction
F - flow rate of lithium
FB - flow rate of lithium in base region
y - ratio of hole to electron capture cross section
6 - electric field
€3 - electric field
- mobility of lithium
SYMBOLS AND DEFINITIONS (Continued)
n - carrier removal rate
9 - time to half recovery of short-circuit current
0 - 1-MeV electron fluence
To - minority carrier lifetime
Tbt, - minority carrier lifetime before irradiation
Tpo - minority carrier lifetime of holes when Fermi level is near
conduction band
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